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EFFECT OF PARAMETERS OF ARC,

LASER AND HYBRID METHODS OF WELDING
ON STRUCTURE AND PROPERTIES OF BUTT JOINTS
OF HIGH-STRENGTH STEEL S460M
V.D. POZNYAKOV, V.D. SHELYAGIN, S.L. ZHDANOV,

AV. BERNATSKY, A A. MAKSYMENKO and A.V. SIORA

E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazimir Malevich Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The paper studies the effect of parameters of arc, laser and hybrid laser-arc welding on formation of structure and prop-
erties of weld metal and heat-affected zone of butt joints from high-strength low alloy steel S460M with yield point
up to 480 MPa. It is shown that increase of rate of gas-shielded arc welding to 50 m/h (13.9 mm/s) allows receiving
a quality weld with increased indices of static strength and impact toughness. Laser welding with increased cooling
rate provokes reduction of the indices of ductility and impact toughness of weld metal that is related with formation of
martensite hardening structure of weld metal and heat-affected zone of the welded joints revealing at higher cooling
rate. Application of hybrid laser-arc welding method of steel S460M allows decreasing cooling rate of weld metal and
heat-affected zone in comparison with laser welding method. This provides high level of mechanical properties and
impact toughness of metal of these zones. 16 Ref., 1 Table, 5 Figures.

Keywords: butt joints, high-strength steel, arc welding, laser welding, hybrid laser-arc welding, thermal cycle,

structure peculiarities, mechanical properties

Mechanized and automatic arc welding in active
shielding gases medium as well as in their mixtures
with inert gas (Ar + CO,, Ar + CO,+ O,) [2] using
solid wire as well as flux-cored wire [3] are widely
applied in manufacture of metallic structures of high-
strength steels [1] of up to 10 mm thickness. Prefera-
ble, from point of view of receiving of quality welded
joints are such modes of arc welding, at which weld
metal and metal of heat-affected zone (HAZ) preserve
the strength, ductility and cold resistance at the level
of base metal and have high resistance to cold crack
formation [4].

Laser [5, 6] and hybrid laser-arc welding [7-16]
are implemented in production in the recent years in
order to decrease deformation and increase of quality
of welded thin-wall (thickness up to 10 mm) metal-
lic structures of ferrite-pearlite class low-alloy steels.
The advantages of these types of welding are [5-16]:
increase of productivity due to several times rise of
welding rate [7]; significant decrease of heat input [8,
9]; obtaining the balanced fine-grain microstructures
in weld metal and HAZ [10-12], which exceed joint
strength, reduce level of residual stresses and suscep-
tibility to cold crack formation [13-15].

In this connection the relevant are the investiga-
tions of effect of technological processes parameters
in laser, arc and hybrid laser-arc welding on structure

and properties of butt welded joints from low-alloy
steels of C440-C460 strength class.

Present work has studied the effect of parameters
of arc, laser and hybrid laser-arc welding on forma-
tion of structure as well as properties of weld metal
and HAZ of joints of high-strength alloy steel S460M
with yield point o, = 480 MPa and following com-
position, wt.%: 0.15 C; 0.23 Si; 1.3 Mn; 0.09 Cr;
0.02 Ni; 0.23 Mo; 0.1 V; 0.6 Cu; 0.013 S; 0.017 P.

An initial stage of work was dedicated to inves-
tigation of effect of mode parameters of mentioned
above welding methods on heating and cooling condi-
tions of butt welded joints of 8 mm thickness.

Automatic arc welding of such joints is carried out
by flux-cored wire Megafil 821R of 1.2 mm diameter
in gas mixture (82 % Ar + 18 % CO,) at the following
modes, i.e. welding current | = 220-240 A; arc volt-
age U, = 30-32 V, welding rate v, = 30; 40; 50 m/h
(8.3, 11.1 and 13.9 mm/s, respectively). Further in-
crease of welding rate appeared to be unreasonable,
since selected welding modes did not allow getting
quality joints. Weld formation was deteriorated, lack
of penetration and spattering of electrode metal ap-
peared.

In laser process the welding rate lied in the lim-
its from 40 m/h (11.1 mm/s) to 50 m/h (13.9 mm/s)
(w_. = 65-103 °C/s). The parameters of laser radia-
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tion were 4.4 kW power of Nd:YAG laser, focus pen-
etration AF =-1.5 mm.

In hybrid laser-arc welding the modes of laser con-
stituent were 4.4 kW power of Nd:YAG laser, focus
penetration AF = —1.5 mm. The parameters of arc
constituent of hybrid welding process at constant con-
sumption of shielding gas mixture 82 % Ar + 18 CO,
Qs = 14-16 I/min varied depending on welding
rate. At rate of hybrid laser-arc welding v, = 72 m/h
(20.0 mm/s) current and arc voltage made | = 120 A
and U =22V, at that I = 170 A and U =24Vat
welding rate v, =90 m/h (25 mm/s) and | =200 A at
v, =110 m/h (30.5 mm/s).

Record of thermal welding cycles was carried out
using chromel-alumel thermal couples of 0.5 mm di-
ameter, connected through USB-converter of electric
signals to PC. Their joint was located in the place of
HAZ metal overheating. Cooling rate of HAZ metal
in a 600-500 °C (w,,,) temperature range was taken as
a parameter of thermal cycle, which further was used
as criterion for evaluation of its effect on structure
and mechanical properties of weld metal and HAZ of
welded joints.

Analysis of thermal cycles of automatic arc weld-
ing of S460M steel butt joints showed that a heating
rate of such joints virtually does not depend on rate of
heat source — welding arc displacement and makes
180-200 °C/s. Intensity of HAZ metal cooling (Fig-
ure 1) has significant effect on welding rate. Increase
of v promotes rise of cooling rate of welded joints.
Thus, cooling of metal of HAZ overheating area in the
600-500 °C temperature range at welding rate v, =
=30 m/h (8.3 mm/s) takes place with w,, = 24 °C/s
rate, atv, =40 m/h (11.1 m/s) w,, =27 °C/s and at arc
welding rate v =50 mm/h (13.9 mm/s) HAZ metal is
cooled with w, . = 36 °C/s rate.

Analysis of thermal cycles of laser and hybrid
laser-arc welding of butt joints of S460M steel
showed that the values of heating rates of HAZ
metal to 1100-1300 °C temperatures and cooling
rates of the overheating areas in 600-500 °C tem-
perature range are identical to the values received
for steel 14KhGN2MDAFB [13].

From point of view of structure formation laser
welding process is characterized by «rigid» thermal
cycle with sufficiently high (up to w,, = 103 °C/s)
cooling rates in HAZ metal of S460 steel welded
joints that can result in formation in it of hardening
structures of high hardness. It is shown by the re-
sults of investigations of structural transformations in
HAZ metal of S460M steel in heating-cooling pro-
cess, obtained with the help of dilatometry [16]. For
«softening» of such thermal cycle it is reasonable to
use hybrid laser-arc welding, which allows providing
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Figure 1. Thermal cycles in automatic arc welding of S460M
steel: 1 — v, = 30 m/h (w,,, = 24 °C/s); 2 — 40 m/h (27 °Cs);
3 — 50 m/h (36 °Cls)

cooling of HAZ metal of welded joints with w, = 58—
62 °C/s rate at productivity preserving.

Differences in cooling conditions in arc, laser and
hybrid laser-arc welding cause formation of different
structure that, in turn, results in change of mechanical
properties of weld metal and HAZ of welded joints. It is
indicated by the results of investigations carried below.

Based on data of metallographic analysis it is de-
termined that microstructure of HAZ metal of speci-
mens of steel S460M performed by arc welding can
vary from ferrite to bainite. Increase of cooling rate
fromw,, =24 °C/s (v, = 30 m/h, Figure 2, a) tow,, =
=27°C/ s (v,, =40 m/h, Figure 2, b) and w, . = 36 °C/s
(v,, =50 m/h, Figure 2, c) promotes structure transfor-
mation from acicular ferrite into bainite and it consists
of different-oriented packages of bainite containing
residual austenite. At that value of integral microhard-
ness in HAZ metal of S460M specimens rises (from
HV0.1-2490-2730 MPa at v, = 30 m/h to HVO.1-
3530-3650 MPa at v = 50 m/h, respectively).

Transformation of the structure from bainite to
martensite (Figure 3) is observed for specimens
cooling rate w,, around 60 °C/s, typical for hybrid
laser-arc welding, in HAZ metal of welded joints of
S460M steel. This cooling rate is characterized with
acicular martensite structure with different-oriented
needles of 60 and 120 ° angle. HAZ metal structure
contains dark and light etching martensite. In this
case microhardness of dark etching martensite makes
HV0.1-3600-3760 MPa, and that for light etching is
HV0.1-3860-4260 MPa.

Increase of cooling rate for more than 100 °C/s
(typical for laser welding with v, = 50 m/h) also
promotes formation of martensite in HAZ metal of
S460M steel welded joints. But under such conditions
of cooling the martensite structure consists of more
close-packed packages that results in further growth
of microhardness values HV0.1-4100-4630 MPa.

6/5
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Figure 2. Microstructure (x500) of HAZ metal of steel S460M
welded joints produced at different rate of arc welding: a — v, =

=30 m/h (8.3 mm/s) (w,,, = 24 °C/s); b — 40 m/h (11.1 mm/s)
(W5 = 27 °Cls); ¢ — 50 m/h (13.9 mm/s) (w,,, = 36 °C/s)

The specimens for static tension tests (type I) and
V-notch impact bend tests (type X) on weld metal as
well as HAZ were made from welded joints accord-
ing to GOST 6996-66 for evaluation of mechanical
properties. The tensile specimens were tested at room
temperature and the impact bend ones at temperatures
from 20 to —40 °C.

The results of investigation of mechanical proper-
ties of welded joints, performed using arc, laser and
hybrid laser-arc welding are given in the Table.

It is determined that in increase of arc welding
rate from 30 m/h (w,, = 24 °C/ s) to 50 m/h (w,, =
= 36 °C/s) the values of yield point and ultimate
strength rise from 582 to 607 MPa and from 625 to
657 MPa, respectively. Impact toughness of weld met-
al and HAZ of welded joints at that also increases. The

6/5
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Figure 3. Microstructure (x500) of HAZ metal in hybrid laser-arc
welding of S460M steel (v,, approximately 90 m/h (25.0 mm/s))
most significant increase of KCV indices is observed
in the specimens which were tested at —40 °C tempera-
ture. In particular, rise of w,,, from 24 (v, =30 m/h) to
36 °C/ s (v,, = 50 m/h) increases the values of weld
metal KVC_, from 70-83 to 137-161 J/cm? and HAZ
from 80-110 to 115-120 J/cm?. Weld metal ductili-
ty of such joints, independent on selected welding
conditions, virtually does not change and remains at
high level (elongation 21-23 % and reduction in area
68-70 %).

The results of mechanical tensile tests of the cyl-
inder specimens showed that yield point and tensile
strength of weld metal of S460M welded joints, pro-
duced using laser process, rises two times in compar-
ison with welded joints, produced by arc welding.
However, its ductility is significantly reduced at that,
namely two times at welding rate 40 m/h and virtu-
ally four times at v, = 50 m/h. Impact toughness of
weld metal of such joints completely satisfies the re-
quirements set for welded joints of steels with c, >
>390 MPa (KVC_, >34 J/cm?). At the same time, it is
noted that increase of rate of laser welding reduces the
indices of impact toughness of weld metal of S460M
steel welded joints at positive as well as at nega-
tive temperatures. Impact toughness of HAZ metal
of such welded joints lies at high level (KCV,, =
= 120-150 J/cm?), and its values in the investigated
range of welding rates virtually do not change. Hy-
brid laser-arc welding of S460M steel demonstrates
the same tendency of change of mechanical proper-
ties of weld metal as in laser welding. Static strength
of weld metal of S460M steel welded joints rises in
comparison with arc welding per 65-70 %, however,
its ductility reduces virtually two times.

Increase of rate of hybrid laser-arc welding to 110
m/h (w,, = 58-63 °C/s) results in reduction of the
strength indices by 100 MPa and insignificant (by 15 %)
rise of the ductility indices (Table). Increase of rate of hy-
brid laser-arc welding from 72 (20.0 mm/s) to 110 m/h
(30.5 mm/s) (w.,. = 58-63 °C/s) promotes decrease of

6/5
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Mechanical properties of S460M steel welded joints in arc, laser and hybrid laser-arc welding

KCV, Jem?at T, °C
Variant of welding 6,,» MPa | o, MPa 3, % v, % Weld HAZ
20 -20 -40 20 -20 -40
Base material 490 600 24 59 110" - - - - -

69.8 83.3

_ 576.3 623.6 22.3 69.7 186.0 121.7
Arcv,, =30 m/h (8.3 mm/s) 5873 | 6263 | 233 | 680 | 1721 | 1537 | oo - - 109.4
80.9 90.7
93.3 107.1

586 629.6 21.7 69.8 176.2 158.3
Arcv, =40 m/h (11.1 mm/s) 80.1 - - 73.6
608.9 637.7 233 69.9 173.9 134.8 113.9 88.6
161.1 120.8

606.4 658.1 21.0 68.0 174.8 149.0
Arc v, =50 m/h (13.9 mm/s) 145.2 - - 120.2
608.3 656.7 23.0 69.9 185.7 167.9 136.9 115.2
998.8 | 1172.2 163.7 109.4 130.5
Laser v, =40 m/h (11.1 mm/s) 996.0 | 11514 ﬁg iig ;gg; 232.1 113.2 ;ggg - 116.9
997.4 | 1161.8 ' ' ' 112.3 132.7 ' 148.6
964.6 1123.1 5.3 195 154.2 57.2 46.0 167.5
Laser v, = 50 m/h (13.9 mm/s) 923.3 | 1130.0 6.7 19.5 87 6 85.2 102.5 150.0 - 132.1
907.7 | 1068.3 4.0 18.5 ' 54.2 42.3 157.2
123.1 67.6 33.8 45.0
Hybrid v = 72 m/h (20.0 mm/s) ggéi 190;117: 18103 ggi iégg 1034 101.5 106.6 - 42.1
) ' ' ' ' 1034 96.5 58.3 40.8
92.4 79.3 92.5 67.5
Hybrid v, = 90 m/h (25.0 mm/s) gggg 18?32 192'40 ﬁg igg? 71.0 76.8 119.9 - 85.7
' ' ' ' ' 111.2 60.5 136.3 96.8
39.7 57.3 114.9 123.9 46.9
Hybrid v, = 110 m/h (30.5 mm/s) Zggi 2313 123 igi 332 58.4 44.4 128.2 125.7 59.1
’ ' ' ' ' 55.7 60.8 1215 124.8 101.6

“Data of base metal across rolled stock.

impact toughness of weld metal at all test tempera-
tures (KCV,, from 189 to 102 J/cm? KCV_,  from 170
to 75 J/cm? and KCV_,, from 118 to 63 J/cm?).

Resistance to cold crack formation in S460M steel
welded joint, performed using arc, laser and hybrid la-
ser-arc welding processes, were evaluated using tech-
nological test «rigid boxing» [13]. A reference welded
joint was of B = 100 mm width that corresponded to
the highest rigidity of the planes fixed on a plate. It
is determined as a result of such investigations that
S460M steel welded joints performed using arc, laser
and laser-arc processes are not susceptible to forma-
tion of cold cracks. This conclusion was made based
on the results of analysis of the macrosections made
of technological tests of Figure 4, a—c. It showed that
there are no cold cracks in the joints even in welding
without preheating.

In addition to cold cracks a welded joint can have
other defects such as lacks of penetration, pores, un-
dercuts, slag inclusions etc. At static and cyclic load-
ing they can play a role of nucleus of initiation and
propagation of cracks, which during operation (in
particular at negative temperatures) can result in brit-
tle fracture of metal. Therefore, further work was di-
rected on evaluation of resistance of weld metal and

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2018

HAZ of S460M steel welded joints to brittle fracture.
These investigations were carried out using criteria
of fracture mechanics. The double-sided single-pass
joints of S640M steel of 10 mm thickness with groove
preparation were made for these purposes using arc
welding process and that without groove preparation
was made by hybrid laser-arc welding. Arc welding of
such joints was performed at 30 m/h rate and hybrid
laser-arc welding at 72 m/h rate. The rest of techno-
logical parameters of welding modes are indicated
above. The indicated welded joints were used to make
the specimens of 20x10 mm section for three point
bend tests. A chevron notch on the specimens was
done in such a way that a mouth of crack grown from
its tip was in a weld metal (part of specimens) and
in joint fusion line (other part of the specimens). The
specimens were tested at —40, —20 and 20 °C tempera-
tures. The results of tests were used for determination
of critical coefficient of stress intensity K, . and criti-
cal crack opening &...

Analysis of the results of carried investigations al-
lowed determining the following. Steel S460M weld-
ed joints made by arc welding differ by higher brittle
crack resistance. At test temperatures —40, —20 and
20 °C the average K. values of weld metal of such
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Figure 4. Macrosections of rigid butt technological probes of
S460M steel of 8 mm thickness (B — 100 mm): a — in automatic
arc welding in Ar + 18 % CO, gas mixture with flux-cored wire
Megafil 821R (v, = 30 m/h (8.3 mm/s)); b — laser welding with-
out filler material (v, = 40 m/h (11.1 mm/s)); ¢ — in hybrid la-
ser-arc welding with indicated above flux-cored wire (v, = 72 m/h
(20.0 mm/s))

joints make 86.3; 96.8 and 101 MPaVm, respectively
(Figure 5, a). Increase of test temperatures promote
also rise of & indices of weld metal from 0.08 and
0.09 mm at —40 and —20 °C temperatures, respective-
ly, to 0.12 mm at 20 °C test temperature (Figure 5, b).

High, but significantly lower in comparison with
the weld, produced by arc welding, K . indices are
typical for the welded joints, made using hybrid
laser-arc welding. Average K. indices rise from
52.2 MPaVm (test temperature —40 °C) to 55.4 and
81.2 MPaVm at test temperatures —20 and 20 °C, re-
spectively, (Figure 5, a) with rise of test temperature
of specimens, produced from such joints. _ indices
of weld metal are changed in the same way from
0.067 mm to 0.076 mm at —40, and —20 °C tempera-
tures, respectively, and to 0.1 mm at test temperature
20 °C (Figure 5, b).

The following can be noted in relation to HAZ
metal of welded joints from investigated steel. At test
temperature 20 °C the values of K, . and &, indices of
HAZ metal of welded joints made by arc as well as hy-
brid laser-arc welding are close and, correspondingly

6
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Figure 5. Dependence of values of critical coefficient of stress
intensity K. (a) and critical crack opening 5. (b) on tests tem-
perature for weld metal (e, 0) and HAZ metal (A, A) of 6 =8 mm
S460M steel welded joints in automatic arc (e, A) and hybrid
laser-arc welding (o, A)

make 65.6 MPavm and 0.095 mm. Under conditions
of testing at negative temperatures the values of K _
and 5 of HAZ metal of welded joints, produced using
hybrid laser-arc welding, are 22—-32 % lower than in
the welded joints made using arc welding. Thus, at
—20 ° C test temperature the K, . and 6. indices of HAZ
metal of welded joints, performed by hybrid laser-arc
welding, make 52.6 MPaVm and 0.057 mm, and that
for arc welding is 63.3 MPaVym and 0.076 mm. At
specimen test temperature —40 °C K, and & indices
of HAZ metal of joins are K . = — 46.7 MPavm and
8. = 0.05 mm in welded Jomts produced by hybrid
1aser—arc welding and 62.1 MPaVm, 8. = 0.065 mm,
made by arc welding (Figure 5, a, b).

S460M steel welded joints, performed using arc
and hybrid laser-arc welding, differ on resistance to
fatigue crack formation. It is shown by the results
of cyclic cantilever bend tests of specimens. Such
tests were carried out applicable to the specimens of
400%x120x%10 mm size, produced of butt joints, arc and
hybrid welding of which was carried out in shield-
ing gas mixture 82 % Ar + 18 % CO, using Mega-
fil 821R wire of 1 mm diameter at modes similar to
modes for brittle fracture test joints. The tests of spec-
imens at symmetric cyclic loading were carried out
with 14 Hz cycle frequency. Cycle stress varied from
40 to 80 MPa with 20 MPa step. The results of car-
ried investigations showed that the arc welded joints
have higher resistance to formation of fatigue cracks.
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Under indicated conditions of loading, formation of
fatigue cracks in the arc welded joints were not ob-
served after N = 2-10°8 cycles of loading. The fatigue
cracks of 3 mm depth were detected only in the weld-
ed joints performed by hybrid laser-arc process at cy-
cle stresses 60 and 80 MPa. Thus, in the specimens,
which were tested at 60 MPa cycle stress, they started
to be formed after 1540400 cycles of loading, and at ¢
= 80 MPa after N = 1300680 loading cycles.

Conclusions

Increase of welding rate of gas-shielded arc welding
up to v =50 m/h (13.9 mm/s) (w,, = 36 °C/s) allows
receiving quality weld in welded joints of high-alloy
S460M steel with yield point o, = 480 MPa and in-
creased indices of static strength and impact toughness.

In laser welding rise of cooling rate w,,, of S460M
steel welded joints promotes decrease of indices of
ductility and impact toughness of weld metal. It is
related with formation of martensite hardening struc-
ture in weld metal and HAZ of welded joints, which
is formed as a result of typical for laser welding in-
tensive cooling of metal in 600-500 °C temperature
range (w,,, = 65-103 °C/s).

Application of hybrid laser-arc welding of S460M
steel allows significantly rising linear welding rate
in comparison with arc and laser processes. At that
decrease of cooling rate of weld metal and HAZ is
provided in comparison with laser welding method.
All together it allows significantly rising productivity
of welding process and preserving at that indices of
mechanical properties and impact toughness of weld
metal and HAZ of the welded joints at the level of the
requirements made to welded structures produced of
steels of C440-C490 strength class.

It is determined that S460M steel welded joints
produced using arc, laser and hybrid laser-arc pro-
cesses, are not susceptible to cold crack formation.

The indices of fracture toughness of joints in hy-
brid laser-arc welding can be increase due to forma-
tion in HAZ metal of lower bainite structure that is
reached at welding rate 72 m/h.

It is shown that butt joints of S460M steel, pro-
duced by arc welding method, have higher service
life. In hybrid laser-arc welding fatigue fracture re-
sistance can be increases under condition of perfor-
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mance of groove preparation in the joints with small
opening angle up to 10°.
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RESISTOMETRIC METHOD OF WELDING SPEED
MEASUREMENT FOR SIMULATING WELDING SYSTEMS
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2SE «Scientific and Engineering Center of Welding and Control in the Field of Nuclear Engineering»
of the E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazimir Malevich Str., 03150, Kyiv, Ukraine. E-mail: electro@paton.kiev.ua

Some theoretical problems of resistometric method for determination of welding arc spot coordinates and evaluation
of speed of electrode movement during realization or simulation of arc welding, as well as the peculiarities of plotting
the hardware part and software of simulating welding systems using this method are considered. The examples of
application this method in the hardware-software complexes (welding simulators), as well as the basic variants of sche-
matic and technical construction of devices for realization of resistometric method in the simulating welding systems,
designed and industrially manufactured at the SE «Scientific and Engineering Center of Welding and Control in the
Field of Nuclear Engineering» (SEC WCNE) of the E.O. Paton Electric Welding Institute of the NAS of Ukraine are

presented. 17 Ref., 4 Figures.

Keywords: arcspot coordinates, welding speed, simulating welding systems, simulator of workpiece welded, weld-
ing speed control devices, welding current sensors, «current loop»

In the process of development of works on design-
ing the simulating welding systems (SWS), different
methds for welding speed estimation and devices for
realizing these methods were proposed [1-3]. In the
opinion of many authors, to estimate the welding
speed in arc SWS, the technical means applying video
sensors [4], devices of acoustic location [5], receiv-
ers of optical [6-8] or thermal radiation [1, 9, 10] are
most acceptable.

Obviously, the use of video sensors provides the
welding speed measurement with a high accuracy,
but at the same time today the complexity and cost of
hardware and software means of SWS are increasing,
which is economically unreasonable in the vast ma-
jority of cases.

The use of acoustic location methods in arc SWS
(especially in low-amperage ones) is rather compli-
cated due to the low level of useful signals of the arc
simulator [11] and, therefore, it is little promising.

For welding speed control devices (WSCD), de-
signed using discrete sensitive elements which per-
ceive optical radiation of visible or infrared range
from the moving arc, the dependence on optical state
of surrounding medium is characteristic, whereas
WSCD on the basis of thermosensors are character-
ized by dependence on geometric shape of surround-
ing bodies and distance from them to thermosensors,
as well as on the temperature and heat conductivity of
the surrounding medium. In addition to a compara-

tively low accuracy of measurements, among the dis-
advantages of WSCD produced on receivers of opti-
cal or thermal radiation, the need in schematic-design
complications of both hardware interface of SWS, as
well as the manipulator-positioner and simulators of
welding tools or workpiece welded, being in its com-
position, should be mentioned.

The analysis of capabilities of the known methods
of WSCD and increasingly growing technological
and didactic requirements to arc SWS shows that the
most known and existing WSCD are already far from
fully meeting these requirements.

Meanwhile, in arc SWS, quite satisfactory results
can be achieved by using a relatively easy realizable
resistometric method for determination of moving arc
coordinates and estimating the welding speed. This
method is based on the method of determining coor-
dinates of a measuring probe in a conductive medium
[12, 13], which was developed by V.V. Vasiliev and
L.A. Simak at the G.E. Pukhov Institute for Problems
of Modeling in Power Engineering of the NAS of
Ukraine and later found development at the E.O. Pa-
ton Electric Welding Institute (PWI) and SEC WCNE
for systems of monitoring the arc welding processes
and SWS as-applied to the moving spot of welding
arc or its simulator.

The principle of resistometric method is explained
by Figure 1.
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The simulator of workpiece welded (SWW), typ-
ical for SWS, represents a steel plate of rectangular
shape, the length of which is IO, the width is d0 and
the thickness is 6, moreover, 6, << d, << | . One of
the output poles of the welding power source G is
connected to the point of connection of two branches
(ac and bc), each of them is connected to one of two
current (a or b) conductors by the second point, on
the opposite end sides of SWW. The second output
pole of the welding power source is connected to the
current conductors of simulator of the welding tool
(electrode holder).

When using the welding source in the mode of the
current source (stabilizer), which is characterized by a
«bayonet» external volt-ampere characteristic (which
is in the most SWS), the welding current 1, does not
depend on voltage drops at the arc, in SWW, in the
wires and current conductors of the welding circuit.

From the obvious equality R, = R, + R, (where R,
is the electrical resistance of SWW, R, R, are the re-
sistances of its regions ax and bx, respectively) and
from the assumption about inalterability of SWW
section along its entire length | it comes out that the
coordinate x of the arc spot on SWW is determined by
the relation:

x=1R/R,=1(1-RJR). 1)

In accordance with the laws of Kirchhoff and as-
sumptions that the electrical resistances of SWW
and its individual regions remain unchanged in the
process of welding, and the electrical resistances of
branches ac and bc are equal between each other and
are negligibly small as compared to the resistance of
SWW, for regions cax and cbx the following system
of equations is justible:

L+l =1

{I1R1:|2R2’ @

where 1, I, are the currents passing through the re-
gions cax and chx, respectively.

The solution of the system of equations (2), taking
into account the expression (1) is the following rela-
tions:

L= 1,(1-x), 3)

L,=1x/1, 4)

from which we obtain the expression for the arc spot

coordinate x:

x=1,(L=1/1) =11/, 5)

and from it the expression for the speed of arc move-
ment (welding speed) V  is obtained:

vV, = dx/dt = 1 /1 (- d1./dt) = /1 d1/dt. (6)

Thus, the solution of the problem on estimation of
welding speed in SWS is reduced to determining the
changes in time of currents in the branches, by which
SWW is connected to one of the output poles of the
welding power source.
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Figure 1. Scheme of resistometric method for determining weld-
ing arc spot coordinate and measuring welding speed in SWS
(description see in the text: A, A, are the current sensors in the
branches cax and cbx of the welding circuit)

The real connections of SWW with a welding
circuit are carried out by conductors having a finite
length and a certain section, and, consequently, hav-
ing an ohmic resistance.

Figure 2 shows an equivalent diagram of welding
circuit in which resistors Rl* and R; imply the active
resistances of branches ac and bc. Obviously, taking
into account Rl* and R;, the system of equations for
the regions cax and chx has the following form:

=1=

I’(R +R)=1(R, +R)’ ™
where 17, I7 are the currents through the real regions
cax and cbx.

Solving the system of equations (7), we obtain the

expressions:

for currents Il*, Ig:

() -

Figure 2. Equivalent electric diagram of SWS welding circuit
(description see in the text)
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. L(R+R)
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By making simple transformations with the sub-
stitution of expressions (8) and (9) into (10), and ex-
pressions (12) and (13) into (11), it is easy to be sure
that x"=x, and V' =V, and, consequently, the active
resistances R’ and R of branches ac and bc of the
welding 01rcu1t do not influence the determination of
arc spot coordinate and welding speed. At the same
time, it follows from the expressions (8), (9), (12) and
(13) that on the values of relation (R™ + R))/R; the
values of currents 1", 17 and their derivatives dI. /dt
and dI’/dt depend.

On the relation (R'+R))/R, the characteristic
largely depends, which is important for realization of
resistometric method, which can be called the sensi-
tivity by the current E, and determined through the
values of currents 17, 17 per unit of length of SWW
according to the expression

— = | (14)

In the process of experimental and technologi-
cal investigations carried out at the PWI and SEC
WCNE, the dependence E , = f(k,) was investigated,
here the relative sensitivity E_ implies the relation E/
E,,» where E,; is the sensitivity at R"= R} =0, and k,

i0’

10

=1+ (R’ + R))/R,. Moreover, it was established that
the dependence E,, = f(k;) has a hyperbolic character
and is the most sharply expressed at k, < 1.2.

In real SWS, as a rule, k, > 1.2, which predeter-
mines the possibility of rational selection of sections
and weight of the wires of branches of welding cir-
cuit. Thus, for example, in the low-ampere arc weld-
er simulator MDTS-05M1, a low-carbon steel plate
(in particular, St3) is applied as SWW, whose oper-
ating length is I, = 360 mm, and R, = 0.45 mOhm.
The length of the conductor of each of the branches ac
and bc of the welding circuit is 0.45 m. At a 30 mm?
cross-section of the copper conductor of each branch,
the active resistance R* = R) =0.17 mOhm, k, = 1.46
and (at welding current | = 4.5 A) E, = 6.84 mA/mm.

The estimation of accuracy of welding speed mea-
surement applying resistometric method, taking into
account the influence of R’ and R}, can be carried
out by determining the root-mean-square error ¢, ac-
cording to the expression

av:
Grel_W:
- 2
¥ (3
l, R +R +R) (15)
a Lo \2 2 . N3
+ % + d& + & +[qIJ2
R +R +R) R I i
where dV is the differential of the function V
di/dt ori= di /dt; di = d(dl dt) or di =d(dI} /dt)

Smce in the expression (15) the summands, con-
taining R, RI R;, as is shown by numerical analysis,
are negligibly low, then the formula for determining

G,,» can be represented with a sufficiently accurate ap-
proximation, in the form as:

AN duzﬂpi(dif
el AT N i)

The expression (16) allows making the conclusion
that the error of measurement V| is determined by the
errors in the measurements of IO, Lo 1, di/dtor diy/
dt, which, in their turn, depend on accurate character-
istics of respective tools and measuring devices.

The resistometric method can be realized using
analog or digital WSCD.

To the advantages of analog WSCD the compara-
tive simplicity of circuit solutions and algorithms for
their operation, high quick response, possibility of us-
ing an elementary base of mass application, relatively
low cost should be attributed, and among the draw-
backs: the limited accuracy of differentiating signals
reflecting changes in the arc spot coordinate and the
need in periodic readjustments to compensate the drift
of zero values of output signals of operational ampli-

(16)
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gy DAL

DA4

Figure 3. Simplified elementary electric diagram of one of the variants of plotting analogue WSCD

fiers and instrumental recalibrations when changing
the initial conditions (SWW dimensions, arc current
values I, etc.) should be mentioned.

Figure 3 shows a simplified electrical diagram of
one of the possible variants for plotting the analog
WSCD. The device contains input scaling amplifier
DAL, adder DA2, which also performs the scaling
function, functional divider DAS, inverting amplifier
DA3, differentiating amplifier DA4 and realizing the
function U_, = k(AU, ), where k and A are proportion-
ality and scaling factors, respectively, output ampli-
fiers DA6 and DAY. The setting-up resistors RP1 and
RP2 serve for readjusting the device, and the resistors
RP3 and RP4 serve for its calibration. The levels of
output signals of the device displaying the arc spot co-
ordinate x* and welding speed V\; are selected based
on the required range of standard signals, for exam-
ple, £ (0-5) V or = (0-10) V.

As compared to analogue ones, the digital WSCD
provide a significantly higher interference immunity
and measurement accuracy, possibility of in-process
changing in operation and performance of calibra-
tions and readjustments, stability of parameters in the
acceptable range of changes of influencing climatic
factors of the outer environment using the algorithm
programming means. Moreover, as the digital WSCD
include such a functional unit as an analog-to-digi-
tal converter (ADC), which is complicated as to its
internal structure and a relatively expensive one, the
cost of digital WSCD significantly exceeds the cost of
analog devices.

The block diagram of the variant of a digital
WSCD is shown in Figure 4. The device is composed
of normalizing amplifiers DA1.1, DA1.2 and ADC
DAA4. To improve the interference immunity of ADC,
the active low-pass filters with a single amplifying
by DA2 and DAS are introduced into the device. The
normalizing amplifiers DA1.1 and DA1.2 provide the
input of signals in the regulated range of levels, for

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2018

example, = (0-1.25) V or £ (0-2.5) V to the analog
inputs of ADC. The type of ADC is selected from the
conditions of its compatibility with a personal com-
puter (PC), including the levels of output signals of
ADC and software. At the same time, it should be not-
ed that since almost every ADC, intended for input of
information into PC, has at least eight analog input
channels, it can be used not only to enter the informa-
tion about the arc spot coordinate and welding speed,
but also about the voltage (length) of the arc, angular
positions of electrode of the welding tool simulator
and other parameters characterizing the process of
training or testing.

Both analogue and digital WSCD should provide
their calibration, taking into account the initial con-
ditions: geometrical dimensions of SWW, active re-
sistances of wires and transient resistances of contact
connections of branches of welding circuit, influence
of factor k, sensitivity E.. The calibration of analog
WSCD is more labor-consuming and requires the use

kI 1
j—

R1 [ DA4

USE
ADC

AR ARARAS

Figure 4. Simplified electric principal circuit of one of the vari-
ants of digital WSCD construction
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of additional measuring equipment, for calibration of
digital WSCD it is enough to have the software means.

The obligatory sensor components of both analog
and digital WSCDs are two identical current sensors,
which should have a linear transmission characteris-
tic (nonlinearity coefficient of < 0.5 %) in the whole
range of possible changes of welding current, inde-
pendently of its shape and polarity, high accuracy (the
given error is not more than = 1 %), wide dynamic
and frequency range (transmission band of not less
than 50 kHz), resistance to effect of inductions and
interferences, always occurring during arc welding.
In addition, the sensors should provide galvanic iso-
lation of input and output circuits and should not in-
troduce the significant additional resistances into the
welding circuit. As-applied to arc SWS, the sensors
based on the Hall effect the best comply with these
requirements, including current sensors serially pro-
duced by a number of companies, including LEM
(Switzerland) and OJSC «LEM Rossia» (RF), for
example, the current sensors LAH25-NP with current
measurement error of + 0.3 %, PJSC «CHEZARA»
(Ukraine), for example, the current sensors DIT-50M,
DST-250, DST-500 with the measurement error of
+ 0.1 %. Such current sensors have a potential or cur-
rent output. The latter allows forming a link between
the information output of the sensor and the WSCD
input amplifier in the form of a «current loop», and
thus, significantly improving the interference immu-
nity of the device, but in this case the input stages of
WSCD should be performed using the «current-volt-
age» converter scheme.

At the PWI together with SEC WCNE the ex-
periments were carried out for checking the accura-
cy of digital WSCD, included into the computerized
low-ampere arc welder simulator MDTS-05M1 and
the arc welder simulator TSDS-06M. For movement
of non-consumable electrode along the fixed SWW
at the preset speed, the installation mechanism was
used, assembled on the base of the automatic machine
ADSV-6 for argon-arc welding. The source for arc
supply in the case of MDTS-05M1 was the welding
power module MSS-05 of this simulator, operating in
the mode of a current source and providing welding
current (4.5 £ 0.3) A throughout the whole technologi-
cally grounded range of the arc length, and in the case
of TSDS-06M the power module based on the uni-
versal welding inverter «<PROFI TIG 200», operating
also in the mode of current source and providing the
welding current of 80, 100, 120, 140, 160 and 180 A
with the accuracy of + 5 was used. As the SWW, in
case of using MDTS-05M1 a plate of St3 was used,
the total length of which was 440 mm (working length
I0 = 360 mm), width 40 mm, thickness 2 mm, and in
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case of using TSDS-06M a plate of the same steel, the
total length of which was 470 mm (working length
IO = 390 mm), width 60 mm, thickness 10 mm was
used. The welding was performed at a constant speed
of movement of non-consumable electrode (rated
diameter was 2.0 mm in case of MDTS-05M1 and
3.0 mm in case of TSDS-06M) of 2, 5 and 8 mm/s, at
each fixed value of welding speed, after each pass (of
360 and 390 mm length, respectively), the arc passing
was performed in the opposite direction. Each exper-
iment was repeated at least five times. The values of
welding speed obtained with the help of the system
WSCD — PC of the simulators MDTS-05M1 and
TSDS-06M, were compared with the values of the
speed of electrode movement, controlled by the de-
vices (in particular, by ammeters of M42100 type) of
the experimental installation mentioned above at the
error, not exceeding = 1.5 %. It was established by
the statistical processing of experiments results that
the relative error in measuring welding speed with the
help of digital WSCD in case of MDTS-05M1 did not
exceed + 2.0 %, and in case of TSDS-06M * 2.5 %.
It should be emphasized that resistometric method
for determining the linear coordinate of welding arc
spot and measuring welding speed, as well as digi-
tal WSCDs for its realization, were successfully ap-
plied in the hardware-software simulating complexes
(welding simulators) MDTS-05M1, TSDS-06M and
TSDS-06M1, designed at the PWI together with SEC
WCNE [14-17]. They are widely represented and op-
erate in Ukraine and in a number of countries of near
and far abroad (for example, in Kazakhstan, Belarus,
RF, Macedonia, China and other countries). Only in
Russia, more than 1200 such hardware-software sim-
ulating complexes are in operation. Moreover, in a
number of their educational institutions, training and
certification centers, the whole simulating classes and
laboratories were created on the base of these simula-
tors to train operators in MAW, TIG and MIG/MAG
welding. The experience in applying these means of
technical training confirms their high operation reli-
ability, economical efficiency and effectiveness both
in the professional selection and in the initial profes-
sional training of welders, as well as for improvement
of welding personnel skills, industrial training and
testing, and in some cases for admittance control.

Conclusions

1. Resistometric method of measuring welding speed
provides the possibility of determining linear coordi-
nate of welding arc spot and speed of its movement
in arc SWS applying a comparatively simple method
with acceptable validity.
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2. Taking into account the trends of development
of SWS, the most challenging devices providing real-
ization of resistometric method for determining linear
coordinate of welding arc spot and measuring weld-
ing speed are digital WSCD.

3. In some cases, the resistometric method of mea-
suring welding speed can also be used to solve the
problems of monitoring real arc welding processes.

In conclusion, the authors consider it necessary to
express gratitude to the engineers Skopyuk M.1., Gav-
va V. M, Cherednik A.D., Popov V.E., Muzhichenko
A.F., Mukha A.A. and Oliyanenko D.S. for their valu-
able assistance, rendered during preparation of this
work.
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CALCULATION-EXPERIMENTAL INVESTIGATION
OF THERMAL FIELDS IN THE PROCESS
OF NONSTATIONARY SOLDERING
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In the work theoretical and experimental methods were used to investigate temperature fields in the conditions of sol-
dering the metal plates, contacting with a heated body. To determine thermal conditions, necessary to provide soldering
(melting of solder in the joint zone), calculation of temperature distribution with time in the joint zone was carried
out, depending on characteristics of «heater-plate-solder-plate» system and thermal resistance in contacts between the
system elements. It is shown that by comparing the theoretically calculated and experimentally measured thermograms,
it is possible to determine thermal resistance in the contact zones. On the basis of the obtained values of thermal re-
sistance in the contacts, the modeling of thermal fields in the systems with the arbitrary dimensions of elements was

carried out. 13 Ref., 7 Figures.

Keywords: thermal fields, non-stationary process, method of finite differences, reaction soldering, permanent joint,

multilayer foil, local heating

Brazing is widely used for production of permanent
joints of parts [1, 2]. This process lies in heating of
parts being joined in a furnace till brazing alloy melt-
ing (stationary conditions) or local heating of a joint
zone with the help, for example, of a contact with ear-
lier heated body or under effect on it of source of con-
centrated heat radiation (infrared [3], laser [4] etc.)
[5]. Distribution of temperature fields in the joint zone
under conditions of its local heating till brazing alloy
melting temperature will have non-stationary nature,
since heating will be accompanied by heat removal
to cold areas of the parts being joined. If there is no
limitation of power of concentrated heat sources, real-
ization of this brazing process will not cause difficul-
ties even under conditions of repair on large-size part
surface, for example, in patching a shell of material
with high heat conductivity (aluminum alloys).

In the case of absence of the concentrated heat
sources and large area of the joint the heaters can be
used for its heating. They generate heat energy as a
result of initiation of exothermal reaction in them.
Powder mixtures, components of which react with
heat emission, can be used as such heaters. It is known
that intensity of exothermal reactions significantly
increases at transfer from powder mixtures to com-
pact materials with composite structure on their basis.
Thus, works [6, 7] show that multilayer foils can be

used as such composite materials. They consists of
layers based on intermetallic forming elements such,
for example, as Ni and Al or Ti and Al, received by
PVD [8]. Initiation of self-propagating high-tempera-
ture synthesis (SHS) reaction in such systems results
in heat emission intensity reaching the value of around
5-6 kW/cm? [9] that can provide local heating of the
joint zone under intensive heat removal conditions.
Schematically such a soldering process of the
same size plates can be presented as it is shown on
Figure 1 (laboratory system). In such a system heater
characteristics, necessary for soldering process, can
be determined in experimental way, varying the mass
of reaction material. However, if such an approach to
determination of the heater characteristics is applica-
ble to the plates of one size then in the case, for ex-
ample, of joining the plate of small (finite) size to the
plate of larger (unlimited) size will cause difficulties.
Mainly, it is related with the necessity to take into ac-
count heat removal from the joint zone into the large
size plate using the results received on the finite size
samples. It is clear that heater parameters should be
increased in order to compensate this heat removal.
Still, considering that the plates are made of alumi-
num alloys, increase of heater mass can results in their
significant overheating. This will result in a degrada-
tion of mechanical properties of the plates. From this
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point of view selection of heater characteristics is the
key for change of dimensions of the system elements
being joined. Determination of the heater optimum
characteristics, necessary for reaction soldering of the
plates of random dimensions under conditions of lo-
cal heating of the joint zone, could be fulfilled based
on calculation of thermal fields.

At the same time, complexity of realization of this
approach is caused by the fact that thermal processes
in the joint zone depend on many parameters, some
of them are known (for example, heat conductivity of
materials being joined) or present themselves geom-
etry and mass characteristics of the system elements,
other have undetermined value, as, for example, a
value of thermal resistance at contact boundary of
the system elements. To eliminate this ambiguity in
selection of the parameters for thermal field model-
ling in real systems the work proposes a method for
calculation of coefficients of thermal resistance of
the contacts, based on performance of comparison of
experimentally measured and calculated change of
temperature in finite dimension system (laboratory
system). Satisfactory correspondence of the experi-
mental and calculation data was received by means
of variation of the parameters describing thermal re-
sistance at elements’ interface. This allows carrying
modelling of the thermal fields under nonstationary
conditions of soldering of limited size plate on the
surface of unlimited size part.

Experimental and calculation methods. For de-
scription of a nonstationary process of heat distribu-
tion in 3D sample let’s write down a heat conductivity
equation in the following form:

Cp%:div(xgradT), @

where ¢ is the heat capacity of the material; p is the
density; « is the heat conductivity coefficient.
Considering that the system consists of different
materials, which have different nature of heat ex-
change between the separate areas, it is convenient to
divide it on finite elements. A finite-difference method
[10, 11] is used in the work to solve this equation. It
allows determining temperature values in a finite ele-
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Figure 1. Scheme of obtaining the permanent joints of similar

size plates (laboratory system) using soldering with the help of

local heating of joint zone from external heater
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where a2 =x«/(cp) is the coefficient of temperature

conduction; T, is the temperature of finite element
in point x;, .

This finite difference scheme (2) can be used for all
non-boundary areas of the system. The neighbor points
in boundary elements will be characterized with signifi-
cantly different heat conductivities or geometry/mass
parameters. Therefore, record of a density of heat flow
for boundary areas is more convenient in form of tem-
perature differences instead of temperature gradients
using at that some «heat transfer coefficient» p rather
than heat conductivity «. For example, J = -, AT for
cellsiand (i + 1) with heat conductivity coefficients ;,
K, and cell size h, h. ..

M First plate % Solder Second plate
R UAAIAUATATATAIAY PP
| 11 111

No Ni—1 N N+1 N max i

0 No—1

f"r.\' Ly d\'

L M

Figure 2. Scheme of division of system consisting of heater, first plate, solder and second plate on finite size plates (scheme corre-

sponds to one-dimensional approximation)
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Then for cells, having neighbor cells with other
coefficients of heat conductivity or size, equation (2)
is changed. In one-dimensional form it is written as

_Ti—l) tHia (Ti+1 _Ti ))dt' 4

Figure 2 shows three contact zones, for which
equation (4) is used:

I — between the heater and first plate (imperfect
contact);

II — between the first plate and solder (ideal con-
tact formed by means of vacuum phase deposition);

111 — between the solder and the second plate (im-
perfect contact).

We would like to remind that imperfection of
contact | means growth of thermal resistance and de-
crease of heat flow between the heater (cell N, — 1)
and the first plate (N ). Contact I is described by heat
transfer coefficient p,, which in general case is un-
certain quantity. Imperfection of contact 111 supposes
thermal resistance between solder (cell N,) and the
second plate (N, +1) (Figure 2) and is described by
heat transfer coefficient p,,, which is also uncertain
parameter of the system. Since, as it was mentioned,
contact Il is an ideal, then for it the heat transfer coef-
ficient is determined following the equation (3):

= 2KplateleoIder / (KplatelL + Ksolderdx)

n

i+l

1

new _

T =T+ cph (_“i-u (T|
[ |

l’lNl—l,Nl
Change of the temperature from the left and right
of the contact | is described by equations:

aheater
( No-LJ. ' N 2,j,k) +
new _
TNO—l,j,k _TNO—l,j,k + dt,
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Contacts Il and 111 refer to the solder, which is in
solid state at low temperatures T < T_, liquid at T >
> T, and preserve constant temperature T_ at rising
portion of liquid phase n in process of melting. There-
fore, it is convenient to enter temporary variables T, ,
T, for the left and right boundary of the solder. Using
a condition of continuity of the heat flows the follow-
ing can be found in these boundaries:

(k dXT ~ +Llx

T - solder Ny ok pIatelTNl—l,j,k)
o I'Kplatel + Ksolderdx ’
_ (L”|||TN1+1,j,k + 2Kso|derTN1,j,k) ©)
® 2Ksolder + I‘MIII .
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Then the heat flows to solder and from it:

Ty ik -Ty —l,j,k)
J =2k« e L .
in platel “solder | i +K dx
platel solder
solder (7)
_ i L T
out K N, +L .k Nl,j,k)’
solder
M L
where J. , J, are the input and output heat flows for

solder cell (we describe it using only one cell, which at
low temperatures correspond to solid state, at high to
liquid ones, and in intermediate period to double phase
system solid body-liquid with eutectic temperature).

When solder temperature is lower than the eutectic
temperature (solid solder) or higher (liquid), it is de-
termined by equation

T =T

Njk Njk dx.

~J )dt/c

out solderpsolder (8)
Then the heat flow into the solder as well as from
it will be described in the following way:

"™ =n+Q,, - J,,)dt/Alp 9)

out

where L, A, p are the thickness of solder layer, specific
heat of melting and density, respectively.

Solder heat conductivity coefficient _, Vvaries
as k. =koein+xP (1-m) in accordance with
change of content of liquid and solid phase. More-
over, we suppose that after complete melting of sol-
der thermal resistance between it and the second plate
is significantly reduced (i.e. heat transfer coefficient
urﬁw rises) due to increase of area of a contact surface
of liquid solder with a surface of the second plate.
Taking this in account, change of p, coefficient after

melting beginning can be presented in form of

[ SO|Id (1 T]) M ]' (10)

Py =

liquid liquid

2Kso|der ]/[K + 11Ks()|derdx

L plate2 L
where p_ ., is the coefficient of heat transfer between
solid phase of solder and second plate. In a limiting
case n = 0 equation (10) comes to ™ =p . . In the
other limiting case it is simplified into

liquid

plate 2 “solder

+K liquid dX
solder

solder’

X
platez

M =
I'Kplatez

i.e. matches with the general equation (3). As a con-
sequence, equation (3) can be written for the final
boundary cells of the system, if consider that exis-
tence of imperfect contacts between the different ele-
ments leads to appearance of thermal resistance, and
solder melting takes place at some temperature. This
approach is described in more details in work [12].
Its application allows calculating temperature distri-
bution at each moment of time depending on system
parameters and in such a way trace change of tem-
perature in a set point of the system.
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It is necessary to compare calculated values of tem-
perature with experimentally measured for checking this
approach used in description of the thermal fields in a
nonstationary soldering mode. A system consisting of a
heater and two plates of AMg6 alloy of 5 mm thickness
and 50x50 mm size, divided by solder (eutectic alloy Al-
Si) layer (100 pum) deposited on the first plate, was inves-
tigated for this purpose. A multilayer Al/Ni foil was used
as a heater. It was located over the first plate and pressed
with set force (about 1000 N). After that SHS reaction
accompanied by intensive heat emission was initiated
in a nanofoil using current pulse. Redistribution of heat
from the heater to the plates resulted in system heating
to necessary temperature. Temperature was measured
using two thin thermal couples established in the plate
center (Figure 1). The thermocouples were connected to
computer by ADC with sampling frequency 1 kHz. Re-
ceived data were used to determine model parameters.

Results and discussion. Calculations of thermal
fields of the system were carried out to determine
solder melting conditions. They were based on char-
acteristics of used materials and their thickness, at
variation of heater thickness d . Figure 3 presents the
calculated variations of the temperature in the first
plate, received taking into account an assumption
that rate of SHS reaction in the heater is significantly
larger than heat distribution. This assumption is based
on the fact that time of «burning» of 5 mm thick foil
makes 0.05 s [13] at 100 cm/s rate of front distribu-
tion in SHS reaction. In this case characterization of
the heater was grounded on its geometry and tempera-
ture, which it reaches as a result of SHS reaction. The
time of its heating to maximum temperature was ne-
glected at that. It can be seen that increase of heater
thickness promoted rise of the maximum heating tem-
perature of the first plate and all system in whole (the
calculations were carried out in adiabatic conditions).
If solder melting temperature is set then the system
can be heated to necessary level by increase of heater
thickness d . For example, 3 mm thick heater provides
melting of solder with 700 K melting temperature
(Figure 3) that effects the dependence of tempera-
ture in the center of first plate on time of contact with
heater (calculation data) in form of «shelf». It should
be noted that temperature of the «shelf» is somewhat
higher than temperature of solder melting, moreover,
this difference rises at increase of heater thickness (its
heating value) as a consequence of temperature gradi-
ent present in the first plate, which is increased normal
to heating rate.

It can be supposed that the heating rate of the first
plate will significantly depend on thermal resistance
of the contact between the heater and the first plate.
Figure 4 presents calculation data at similar thickness

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2018
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Figure 3. Effect of heater thickness on kinetics of temperature
change in the center of first plate: 1 — dn =5mm;2—4;3—3;
4—2

of heater (3 mm), but with different value of thermal
resistance in the contact between the heater and the
first plate. It can be seen that change of the thermal
resistance value significantly varies heating rate that
is reflected in solder melting time, i.e. time till com-
plete melting of solder rises from 5 to 30 s at thermal
resistance increase by order.

Since solder temperature and level of its melting
are the result of heat balance between a heat flow from
the heater into the first plate and heat flow from the
solder into the second plate, it can be supposed that
thermal resistance at the interface between the solder
and the second plate will also effect the change of sol-
der temperature. In fact, as can be seen from Figure 5,
rise of heat conductivity in the contact zone between
the solder and the second plate leads to delay of heat-
ing of the first plate, and, respectively, solder. Howev-
er, regardless the fact that decrease of heat conductiv-
ity at the boundary between the solder and the second

I K

800

600

400

40 60 s

0 20

Figure 4. Dependence of temperature of first plate on time at dif-
ferent characteristics of heat resistance at heater — first plate inter-
face: 1 — p, =5-10* W(m*K); 2 — 1-10*% 3 — 7-10%, 4 — 5-10°
Characteristics of heat conductivity of solder and second plate
contact are constant (arrows indicate peculiarities of temperature
change promoted by solder melting (its completion))
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T.K

First plate

800

600

400

1 1 1 1

0 10 20 30 40 s

Figure 5. Dependence of temperature in the middle of plates on
time at different characteristics of heat resistance at solder —
second plate interface: p, = 5-107 (solid line); 5-10 W/(m*K)
(dashed). Characteristics of heat conductivity of contact of heater
and first plate are constant (designation of arrows is the same as
in Figure 4)

plate results in earlier solder melting, time till its end
rises. It can be observed from temperature to time de-
pendence in a middle of the second plate (Figure 5)
that solder melting is finished when its temperature
reaches solder melting temperature.

Proceeding from the fact that soldering process
takes place under condition of complete melting of
solder, the results of calculations indicate that the
value of heat conductivity of the contact between the
solder and the second plate does not have significant
effect on time of this process completion.

Figure 6 presents the calculation and experimental
data in the system described above, measured with the
help of thermal couples, fixed in the middle of first
and second plates. It can be seen that temperature of
the first plate, contacting with the heater dramatically
rises from the moment of SHS reaction start in the
heater. However, in 8-9 s heating rate of the first plate

T.K

First plate

600
Second plate

1 1 1

0 10 20 30 40 A

Figure 6. Experimentally measured (dashed line) and calculation
(solid line) temperature in the middle of first and second plates
in soldering at their local heating with the help of heater being in
contact with first plate
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dramatically changes. During this time temperature of
the first plate and attached to it solder reaches solder
melting temperature (around 700 K). Based on this it
can be supposed that a delay of temperature growth in
the first plate is caused by solder melting.

In favor of this is the evidence of a point of start of
temperature increase in the second plate. Such a delay
in heating time of the second plate can be explained
by high thermal resistance in the contact between
solder and second plate. After solder melting a heat
contact between it and the second plate is improved
that promotes redistribution of heat from solder to the
second plate and its heating to the temperature level
of the first plate.

Change of temperature in the system in process of
its heating, qualitatively similar to that is observed ex-
perimentally (Figure 6), was calculated by means of
variation of parameters of heat resistance in the con-
tacts. At that it was supposed that heat resistance at
the interface between the solder and the second plate
will disappear in the moment of solder melting.

Based on this it was assumed that the calculated
parameters of heat resistance in the contacts under
these conditions of soldering process can be used for
calculation of temperature fields in the case when the
first plate is connected to the second plate, size of
which is significantly larger, i.e. for 3D case.

Figure 7 represents the temperature distribution in
a cross-section of the system, consisting of heater, first
plate with deposited solder and second plate of larger
size in the moment when solder temperature reaches
the temperature of its melting (condition necessary for
soldering). It can be seen that heat exchange between
the system elements results in heat distribution from
the heater to the first plate and then through the solder
to the second plate. In contrast to laboratory assembly
in this case heat is distributed along the second plate
outside the dimensions of the first plate. However, as
can be seen from Figure 7, such a «spread» of heat in
a volume of the second plate is not critical from point
of view of achievement of temperature conditions for
soldering in the contact between the first and second

T=900K

300 g

Figure 7. Distribution of temperature in cross-section of system
(1/4 of its part is shown) at its local heating in the moment of
solder melting. Length and width of second plate 3 times exceed
length and width of first plate
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plates. The calculations showed that only 10-20 %
increase of heater thickness is enough to compensate
these heat losses in the case of joining the plates of
equal thickness.

Conclusions

1. The calculation of thermal fields in soldering un-
der nonstationary heating conditions with the help of
local heat source of limited energy capacity showed
that there is principal possibility to achieve melting
of solder in form of thin interlayer between two plates
with high heat conductivity.

2. It is shown that under adiabatic conditions the
soldering time, necessary for melting of solder be-
tween the plates, significantly depends on parameters
of heat contact between the heater and the first plate,
but almost does not depend on parameters of heat
contact between the solder and the second plate.

3. Their values can be determined based on exper-
imentally measured thermograms for laboratory sys-
tem, consisting of the elements with similar contact
areas by means of self-consistent calculation includ-
ing variation of parameters, characterizing heat resis-
tance in the contacts.

4. Obtained parameters of heat resistance can be
used in modelling of thermal fields in the systems
for soldering of parts with random dimensions. It is
shown that 10-20 % increase of energy capacity and,
thus, thickness of heater, is necessary to achieve sol-
der melting at transfer from laboratory to «real» sys-
tem with «endless» second plate.
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STRESS-STRAIN STATE
OF WELDED JOINTS FROM ALUMINIUM ALLOYS
UNDER THE CONDITIONS SIMULATING OPEN SPACE"

E.A. ASNIS, E.G. TERNOVOJ, E.A. VELIKOIVANENKO, A.S. MILENIN and G.F. ROZYNKA
E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazimir Malevich Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The paper gives the results of computational research of the influence of light-shade boundaries promoting preheating
of joints of sunlit plates to be welded and their intensive cooling on the shaded side during electron beam welding under
the conditions simulating open space, on the stress-strain state. A set of numerical procedures and software for com-
puter modeling of the kinetics of temperature fields, stresses and strains in butt fusion welding of plates from alumin-
ium alloy AMg6, allowing for essentially non-uniform external temperature impact were developed for this purpose.
The influence of the position of light-shade boundaries relative to the weld on the forming instantaneous and residual
stressed state of aluminium plates in welding was analyzed. For this purpose the respective problems of nonstationary
thermoplasticity were solved by finite element method, based on computational temperature field kinetics, determined
allowing for the features of the impact of welding heat source and conditions of external heating and cooling. Per-
formed calculations showed, in particular, that distribution of residual stresses forming in welded joints of plates from
aluminium alloy AMg6 at different position of light-shade boundaries, is characterized by maximum stresses, which
do not reach the base metal yield limit (170-180 MPa). Such stresses should not essentially lower the mechanical
characteristics and performance of welded parts and components, produced in open space conditions. 6 Ref., 3 Figures.

Keywords: simulation of open space conditions, light-shade boundary, stressed state, mathematical modeling

Performance of welding operations in open space
can often be a necessary technological procedure in
mounting and repair-reconditioning operations for
critical structural elements of space vehicles in long-
term operation. Selection of specific welding param-
eters, which guarantee the joint quality, is connected
with allowing for the peculiarities of the influence
of space factors (low gravity, deep vacuum, frequent
change of light-shade boundaries, etc.) [1, 2]. One of
the main features of welding in open space are ex-
treme temperature variations between the shaded and
illuminated part of the structure: in the sunlit section
of the orbit the surface of space vehicle elements can
heat up to the temperature of 120 °C, and sometimes
even higher, whereas in the shaded areas the tempera-
ture drops to =100 — =120 °C [1].

Nonuniform external temperature field influences
not only the welding process proper, in view of the
different heat input depending on the position of light-
shade boundary, but also formation of weld metal and
heat-affected zone (HAZ) under the conditions of dif-
ferent preheating and cooling, as well as the features
of structure thermal deformation.

Aluminium alloys are the main structural materials
for space vehicle construction. At structure preheating
up to 100-120 °C prior to welding, weld pool dimen-
sions increase and liquid metal overcooling on the
solidification front is reduced that leads to increase
of the crystallite size and promotes lowering of weld
strength [3]. On the shaded side metal resistance to
solidification crack formation can decrease, because
of low temperatures, although lowering of initial tem-
perature has practically no influence on weld metal
mechanical properties [4]. Arising stresses in welded
joints can further influence lowering of hot cracking
resistance of weld metal and can lead to deterioration
of structure performance that is particularly important
at long-term operation of space vehicles.

In view of a quite limited number of welded sam-
ples, produced in open space and delivered to Earth
[1], no investigations of their stress-strain state (SSS)
were conducted. As experimental evaluation of the in-
fluence of open space conditions on welded joint SSS
involves objective difficulties, application of mathe-
matical and computer modeling methods is the ratio-
nal approach.

“Participated in work performance S.A. Glushak, T.A. Likarenko.
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The objective of this study consisted in numerical
analysis of peculiarities of SSS in a butt welded joint
produced under the conditions simulating open space,
at different position of light-shade boundary.

A set of mathematical models and tools for their
computer implementation was developed, which al-
low solving joint tasks of temperature field kinetics
under the impact of a rapidly moving welding heat
source, and spatially nonuniform field of ambient tem-
peratures. Development of stresses and strains was
assessed in butt welded plates (plane stressed state,
Figure 1). Solved for this purpose was the problem of
nonstationary heat conductivity for temperature field
T(x, y) under the impact of a welding heat source of

power W:
;X(x(T)WJ+§y(k(T)WJ+

W :cy(T)w,

)

where A(T) is the coefficient of thermal conductivity;
cy(T) is the bulk heat capacity; t is the current moment
of time.

Proceeding from the features of surface heat re-
moval in open space environment, boundary condi-
tions to equation (1) were formulated as follows:

aT (% y) 4_ T4
- :SGSB(T —TC(X)),

-7 (T) )

where
{Tsh , ECTTH X < X

TC(X): T ,ecaux>x. @)
sn 0

where T, T_ is the ambient temperature on the shad-
ed and sunlit sides of the structure, respectively; ¢ is
the degree of blackness of the surface of the structure
being welded; o, is the Stephan-Boltzmann constant;
X, is the current position of light-shade boundary; n is
the normal to the surface.

Prediction of residual stresses was performed us-
ing a calculation procedure, based on consistent track-
ing of development of elasto-plastic deformations in
points x, y on sample cross-section during heating in
welding and subsequent cooling [5]. So, at any mo-
ment of time t strain tensor ¢, can be represented as a
sum of tensors:

g = +eP +¢,
i

4)
where siej is the tensor of reversible elastic deforma-

tions; si’j’ is the tensor of nonelastic deformations of
instant plasticity; 81 is the tensor of reversible tem-
perature deformations.

Thus, we will represent incremental strain tensor

Ag; at each tracking step as follows:

;
de, =det +dep +3, (def ), 5)
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Figure 1. Schematic of sample welding

where 8, is the unit tensor or Kronecker symbol, i.e.
o,=lati=jandd =0ati#].

The connection between stresses o, and strain in-
crements in point (X, y) at moment of time t, compared
to t = 0, is determined by generalized Hooke’s law,
allowing for volume temperature and microstructural
changes 3¢ and associated law of plastic flow:

Asij :\u(cij —8ij6)+6ij (KG+A8iTj )—

1 (6)

_E(Gij —Sijc) —(KG)*,
where v is the function of the state of elasto-plastic
material, determining the degree of plastic flow devel-
opment; ¢ = (c, + o,* c,)/3, G =E/2(1+v)isthe
shear modulus; E is the modulus of normal elasticity;
v is the Poisson’s ratio; K = (1-2v)/E is the modulus
of bulk compression.

Function  reflects the state of material in point X,
y at moment of time t: it is either equal to 1/2G (elas-
tic behaviour), or is greater than 1/2G (elasto-plastic
behaviour). Yield condition allows constructing the
iteration process of refining function y:

1 .
W:E’If o, <GS:GT(T),

O]

\u>£,if c,=0;

state o, > o is unacceptable,
where o, is the material yield point; o, is the stress
intensity.

Without loss of generality, a typical flat welded
sample from aluminium alloy AMg6 with dimensions
L xL xL = 180x50x2 mm was considered for calcula-
tions, that corresponds to samples produced in space.
Electron beam butt welding was performed. Welding
modes were as follows: accelerating voltage U, = =
= 10 kV, beam current I, = 100 mA, welding speed
v,, =8 mm/s. Depending on the position of light-shade
boundary X, relative to welded joint line, the follow-
ing welding conditions were considered:
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Figure 2. Distribution of residual longitudinal deformations ¢, (a) and stresses (b) across the sample width at different conditions of
external temperature impact: 1 — on sunlit; 2 — on shaded side; 3 — at light-shade boundary position on the butt being welded (x, =
= 0), when one of the plates being welded is heated up to temperature T_ = 120 °C (positive 0x half-axis), and the other is cooled to
T,, =120 °C (negative Ox half-axis), 4 — ambient room temperature (20 °C)

1. Welding on the sunlit side (x, < -L /2), i.e. with
preheating up to the ambient temperature T, =T_ =
=120 °C.

2. Welding on the shaded side (x, > L /2), i.e. with
cooling to ambient temperature T, =T =-120 °C.

3. Welding at light-shade boundary position on the
butt to be welded (x, = 0), when one of the plates be-
ing welded is heated up to temperature T_ = 120 °C,
while the other one is cooled to T =-120 °C.

SSS of the sample of the above dimensions after
welding at room temperature (20 °C) was also calcu-
lated for comparison.

Calculations showed that transverse stresses o,
and deformations ¢  have very low values, close to
zero, and, that is why they are not considered further-
on. Processes of irreversible deformation shrinkage in
the area of local heating in welding determine forma-
tion of high longitudinal deformations ¢, and stress-

b

es o, that is characteristic for welding plates [6]. So,
magnitude of deformations ¢, does not exceed 1.5%,
depending on temperature conditions on the boundary
of the item being welded. Here, at nonuniform heating
(condition 3) differences in the properties of plates
being welded and heating/cooling conditions cause a
slight increase of longitudinal shrinkage deformations
in the structure shaded side, while total deformations
remain within the generally accepted tolerances (Fig-
ure 2, a).

Figure 2, b gives the curves of residual longitu-
dinal stresses o,,. The highest values were observed
in the weld, and they practically do not differ from
each other, depending on ambient temperature con-
ditions: the differences depend on the difference in
material yield points at the respective temperatures. A
characteristic feature of the stress field at nonuniform
heating (condition 3) are nonzero values of stresses

T,°C -, MPa
2 3
! ), AR
] —~ 150
100 F —
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T
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a

Figure 3. Influence of the width of sample being welded L, on distribution of temperature (a) and longitudinal residual stresses c,, (b)
provided the light-shade boundary is located along the weld: 1 — L =100 mm; 2 — 400; 3 — 900
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on sample periphery. This is associated with the fact
that despite the presence of light-shade boundary on
the surface of the item being welded, the temperature
is distributed across the metal thickness according to
metal physical properties (heat conductivity and heat
capacity), so that transition from temperature T, =
=-120°Cto T =120 °C is smooth (Figure 3, a). The
width of the considered sample is such that the tem-
perature gradient is preserved across its entire section,
leading to formation of the respective balanced stress-
es. Increase of sample width neutralizes the impact of
temperature gradient in the area of light-shade bound-
ary on the stressed state on its periphery (Figure 3, b).

Conclusions

1. Calculation results showed that preheating and
cooling do not affect the SSS of welded joints of alu-
minium alloy AMg6é.

2. Stresses in welded joints do not exceed base ma-
terial yield point. Such stresses do not have any essen-
tial influence on strength properties and performance
of welded joints produced in space environment.

3. Results of numerical studies were used to
demonstrate the influence of the width of butt-welded

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2018

sample from aluminium alloy AMg6 on temperature
and stress distribution at its nonuniform heating under
the conditions simulating open space. It is shown that
presence of a light-shade boundary (with temperature
range from —120 °C to 120 °C) leads to formation
of a transition region in the metal of about 400 mm
length. Therefore, in welding smaller-sized samples
stress distribution is characterized by increase of the
longitudinal component relative to the item periphery.

1. Paton, B.E. (2000) Space: technologies, materials science,
structures. Kiev, PWI [in Russian].

2. Fragomeni, J.M., Nunes Jr., A.C. (2003) A study of the effects
of welding parameters on electron beam welding in the space
environment. Aerospace Sci. and Technology, 7, 373-384.

3. Rabkin, D.M. (1986) Metallurgy of welding of aluminium al-
loys. Kiev, Naukova Dumka [in Russian].

4. Bondarev, A.A., Ternovoj, E.G. (2010) Features of weld for-
mation and properties of aluminium and magnesium alloy
joints under simulated space conditions. The Paton Welding
J., 11, 16-20.

5. Makhnenko, V.I. (2006) Resource of safe operation of welded
joints and assemblies of modern structures. Kiev, Naukova
Dumka [in Russian].

6. Mi, G., Li, C., Gao, Z. et al. (2014) Finite element analysis of
welding residual stresses of aluminum plates under different
butt joint parameters. Engineering Review, 34(3), 161-166.

Received 20.11.2017

23



INDUSTRIAL

doi.org/10.15407/tpwj2018.01.05

MANUFACTURE OF INDUSTRIAL PRODUCTS
USING ELECTRON BEAM TECHNOLOGIES FOR 3D-PRINTING®
V.M. NESTERENKOV, V.A. MATVEJCHUK and M.O. RUSYNIK

E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazimir Malevich Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

The prospects of manufacturing a wide range of parts and units of flying vehicles and engines using electron beam
technologies, were noted In the work the peculiarities of developing such technology are considered using the domestic
raw materials in the form of powder materials or filler wire. In the laboratory equipment the cylindrical and rectangular
specimens were manufactured, thus proving the possibility of implementing the additive technology for the needs of

industry. 6 Ref., 1 Table, 7 Figures.

Key words: electron beam surfacing, products of preset shape, 3D-printing method, powder materials, filler wires,

laboratory equipment

The innovative technologies of layer-by-layer man-
ufacture of products using the method of a rapid
prototyping open up the new opportunities for man-
ufacturing parts of a preset shape and structure with
predetermined properties.

The process of manufacturing products by this
method applying electron beam is relatively new, but
it has already successfully demonstrated great pros-
pects of its use in industry for manufacturing a wide
range of both parts and units of flying vehicles as well
as gas turbine engines. It is based on the operation
of layer-by-layer fusion of metallic powder or filler
wire in vacuum by electron beam. This approach is
distinguished by a rapid transition to manufacture of
three-dimensional products directly from the system
of automated designing with the opportunity of ap-
plying a wide range of metals and alloys, including
refractory and chemically active ones. All existing
industrial developments for today belong to foreign
companies [1]. The use of technologies and machines
for prototyping in our country is associated with their
purchase abroad with subsequent significant expenses
for buying necessary powders [2] being a consuming
and expensive component of this technology.

The aim of the present work is creating the ad-
ditive technologies for manufacture of products of a
preset shape and structure using the methods of lay-
er-by-layer electron beam melting of metals in vacu-
um with powder materials, i.e. Electron Beam Melt-
ing (EBM), and with filler wire made in Ukraine, i.e.
Direct Manufacturing (DM).

To achieve this aim it is necessary:

e to carry out investigation of properties and pos-
sibility of application of metallic powders and filler
wires for realizing the additive process of manufac-
turing and repair of products of aerospace industry,
turbine construction, machine building and medicine;

e to work out the designing documentation for ba-
sic units of 3D-printer for each of the investigating
additive processes and to manufacture the experimen-
tal laboratory equipment;

e to develop software for investigations of two addi-
tive processes using electron beam (EBM and DM) [3];

e to develop additive electron beam technologies
EBM and DM, and also to investigate the properties
of multilayer deposited metal;

e to create an industrial mock-up of the equipment
in the set with the software as-applied to the industry
of Ukraine.

Topicality of work. The technologies and equip-
ment developed will allow manufacturing metal prod-
ucts using the method of rapid prototyping applying
the domestic raw materials.

The developing technologies and equipment are
initially oriented to the needs of national enterprises. For
manufacture it is supposed to use inexpensive domes-
tic raw materials necessary for the manufacturer. This
approach will also provide manufacturing parts and
units by rapid prototyping, coming from the needs of
a consumer and in close contact with him. The devel-
oped technologies will allow shortening the terms for
implementation of new types of products, expanding

“Based on materials presented at 8" International Conference «Beam Technologies in Welding and Materials Processing»,
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their range, and also creating the fundamentally new
types of products with preset properties, the manu-
facture of which is impossible without 3D-printing
methods.

Since there is no equipment for 3D-printing of na-
tional designing, it is relevant to create its hardware
and software in Ukraine for realizing the additive elec-
tron beam manufacturing, free from the imported raw
materials, oriented to implementation at the enterpris-
es of aerospace industry and turbine construction: SE
Research and Production Complex «Zorya»—«Mash-
proekt», SE «LRZ» Motor», Share-holding Company
«Motor Sich» and SE «KB «Yuzhnoye».

Technology of layer-by-layer electron beam
melting of metals in vacuum with application of
powder materials by EBM. The technology of elec-
tron beam surfacing by EBM is similar to the selective
laser melting applied in industry. Its main difference
consists in using an electron gun instead of laser as a
power source for melting. The technology is based on
using a high-power electron beam for fusion of metal-
lic powder in the vacuum chamber with the formation
of successive layers repeating the contours of a digi-
tal model. Unlike the technology of laser sintering, the
electron beam melting allows increasing the efficiency
due to a high power of guns and electromagnetic, but
not electromechanic, scanning of the electron beam.

As to mechanical properties, the ready products
almost do not differ from cast parts. The device reads
data from a file, containing a three-dimensional digi-
tal model, and deposits the successive layers of pow-
der material. The contours of layers of the model are
plotted by an electron beam, thus melting the powder
at the contact areas. The melting is performed in vac-
uum working chambers, which allows working with

Vacuum chamber

Accelerating voltage
1
|

EBG |

B <+——  Beam current control
1

Focusing

]

chemically active metals, sensitive to oxidation, for
example, with titanium and its alloys.

The electron beam melting is carried out at elevat-
ed temperatures, reaching the order of 700-1000 °C,
which allows creating the parts with lower residual
stresses, caused by a temperature gradient between
already cooled and still hot layers. In addition, the full
melting of consumable powder allows manufacturing
monolithic products. Therefore, they have the maxi-
mum strength.

For development of additive technologies in
Ukraine, the SE «State Research and Design Institute
of Titanium» together with the Research Center «Ti-
tan of Zaporozhye» offer an innovative technology
for production of low-cost titanium powders by the
method of hydrogenation-dehydrogenation (HDH)
from titanium sponge or other titanium-containing
materials of different quality and fractional compo-
sition [4]. The use of such powders for additive man-
ufacturing seems challenging with the availability of
the appropriate equipment for 3D-printing.

Considering the abovementioned, the specialists
of the E.O. Paton Electric Welding Institute started
investigations in the field of developing technologies
and equipment for additive manufacturing of metal
products by the method of rapid prototyping applying
the raw material of the SE «State Research and De-
sign Institute of Titanium» and the Research Center
«Titan of Zaporozhye». The experimental specimens
of the products of the preset shape were produced and
laboratory equipment for 3D-printing was designed
on the basis of the installation for electron beam weld-
ing of SV-212 type. A block diagram of the equipment
is shown in Figure 1.

Computer

High-voltage source
of 60 kV/60kW

Scanning

Scanning control unit
generator

T

Rigging for formation
Z —h— of product with possibility
of moving along the axis Z

Figure 1. Block diagram of equipment for additive electron beam surfacing: EBG — electron beam gun; FC — focusing coil of EBG;

DS — deflecting system of EBG
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Technological characteristics and chemical composition of powder materials HDH of titanium VT1-0

Fraction, um

Density, g/cm?®

Content of impurities, wt.%

N C H Fe Si o]
100-160 1.7 <0.05 <0.1 0.01-2.00 <0.3 <0.15 <0.15
63-100 1.8 <0.05 <0.1 0.01-2.00 <0.3 <0.15 <0.15

To form melting zone, the computer-controlled
scanning generator was applied. The electron beam
deflects along the axes X and Y and creates the melt-
ing zone of a preset shape. The surfacing process is
performed in compliance with the program according
to the set technological modes. The objects of control
are the beam current, focusing current, beam deflec-
tion along the axes X and Y.

The process of electron beam melting occurs in
the vacuum chamber at the vacuum value being less
than 1-10~ torr. A focused beam of electrons creates
a melting zone and forms a product by moving along
the preset trajectory. Then, the table in the rigging is
lowered and the next layer of powder is applied. The
part is layer-by-layer «grown».

As powder materials, the titanium HDH powders
were used, representing granules of a non-spherical
shape of the titanium alloy VT1-0.

The technological characteristics and chemical
composition of HDH powder materials of titanium
VT 1-0 are presented in Table.

According to the scheme mentioned above, the
specimens of a rectilinear shape with the dimensions of
12x12x100 mm were produced (Figure 2). In Figure 2,
the upper layer of product 1 and substrate 3 with inter-
mediate layers of deposited metal are seen. On the lat-
eral surface the particles of unmelted metallic powder
2 are present. This powder is further removed, and the

metal surface is machined. After practicing the depo-
sition modes, taking into account the powder fraction,
the size of the layer and that of the layers overlapping,
the specimens for further investigations were produced.
Figure 3 shows the specimen after machining.

In different sections of the specimen, metallo-
graphic examinations of microstructure of the depos-
ited metal were carried out (the powder from the ti-
tanium alloy VT1-0 was deposited on the base of the
titanium alloy VT-20).

The structure of the deposited metal represents
o-phase characteristic of the lithium titanium alloys,
the defects like pores and lacks of fusion were not de-
tected in the investigated specimens.

The designed elements of technology of layer-by-lay-
er growing with the use of HDH powders allows manu-
facturing parts with a dense cast metal structure without
defects [5]. The obtained results provided the basis for
designing an industrial equipment for the additive man-
ufacturing of products using powder materials.

The equipment is created on the base of the instal-
lation of type SV-212M for electron beam welding.
The modernization of vacuum chamber, the develop-
ment of control systems of actuators for moving the
table along the vertical and the unit for powder distri-
bution in the chamber, as well as the development of
the appropriate software for reproduction of additive
manufacturing are envisaged.

Figure 2. Specimen manufactured by electron beam 3D-deposition: 1 — upper layer of deposited metal; 2 — intermediate layer of
metal with particles of unmelted powder on the sides of specimen; 3 — titanium substrate

Figure 3. Appearance of specimen after machining
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Figure 4. Scheme of installation for additive manufacturing with
application of metallic powder materials (description 1-9 see in
the text)

The scheme of installation is shown in Figure 4.

The process of electron beam melting occurs in
the vacuum chamber 1 at the vacuum value being less
than 1-10 torr. The metal powder is fed in bulk to
the working table 9 from the hoppers 3. The rack 4,
moving along the table 9, forms a layer of powder of
the preset thickness on the surface of the pallet 7. In
the initial position the pallet is located at the top of the
shaft 8. The focused electron beam, formed by EBG
2, flashes the surface of the powder along the preset
trajectory. Thus, in accordance with the algorithm, the
contours of a product and its layer are formed. Fur-
ther, the pallet 7 is lowered to a preset value and the
next layer of powder is deposited. The process is re-
peated. The product 6 is layer-by-layer grown. At the
end of the production cycle a part is extracted from
the vacuum chamber, cleaned from unmelted powder
5 and machined.

The technology of layer-by-layer electron beam
melting of metals in vacuum applying powder mate-
rials allows creating dense metal products of a preset
shape at the high geometric accuracy. The overall di-
mensions of products are 200x200x200 mm, and the
efficiency of electron beam deposition according to
the EBM technology does not exceed 0.3 kg of metal
powder per hour.

Technology DM of layer-by-layer electron beam
melting of metals in vacuum with filler wire. The
second investigated DM process of electron beam
melting of metals is the process of melting the metal
wire in vacuum with the formation of successive lay-

ISSN 0957-798X THE PATON WELDING JOURNAL, No. 1, 2018

Vacuum chamber

EBG
Filler wire

Electron beam

Deposited layers
Substrate 2

Figure 5. Scheme of layer-by-layer electron beam melting of fill-
er wire

ers. For heating and melting of the wire, an electron
beam of the required power is used.

The scheme of DM process is shown in Figure 5.

The deposition is performed in the vacuum cham-
ber. The filler wire is fed into the zone of electron beam
effect, where it is heated and melted. The EBG and/or
the substrate, on which a product is formed, are mov-
ing, forming a layer of deposited metal. The product
is built by a digital model. The data of the CAD-pro-
gram are converted into the CNC code. A part is lay-
er-by-layer formed: each subsequent layer of metal is
deposited on the previous one, i.e.layer-by-layer, until
the product reaches the preset shape. After that, it un-
dergoes heat and mechanical treatment.

The efficiency of electron beam melting accord-
ing to DM technology varies from 3 to 9 kg of metal
per hour depending on the material selected and the
characteristics of a product, which makes it the fastest
process of additive manufacturing [6].

The dimensions of products can vary from milli-
meters to several meters and are limited only by the
dimensions of vacuum chamber. The DM technology
allows manufacturing high-quality large-sized metal
structures with more than 5 m length.

The process of electron beam melting is performed
at the vacuum of less than 1-10~*torr, which allows
working efficiently with chemically active metals like
titanium, aluminium and their alloys, metals of refrac-

Figure 6. Location of equipment for surfacing with wire in vacu-
um chamber (description 1-6 see in the text)
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Figure 7. Specimens manufactured according to DM technology

tory and other alloys, widely applied at the aerospace
and turbine construction enterprises. The structure of
products manufactured according to the DM technol-
ogy is cast and defect-free.

The efficiency factor of installations for electron
beam melting reaches 95 %, and the amount of wastes
during machining of a final product is negligible. All
this allows confirming the high efficiency and envi-
ronmental cleanliness of DM additive manufacturing.

The possibility of applying filler wires of titanium
alloy VT1-0, aluminium alloy ER 4043, steel welding
wire Sv-08G2S and stainless steel wire ER 308 was
studied.

On the base of the equipment of type KL-209 for
electron beam welding, the laboratory installation for
realization of DM additive process was designed. In
the vacuum chamber of the installation (Figure 6)
such units are located: EBG 2 of type ELA-60; mul-
ticoordinate module for movement of EBG 4; mecha-
nism for filler wire feeding 5 with coil 3 and rotator 1.
On the rotator the product 6 is located, manufactured
according to the DM technology.

In the laboratory equipment, a satisfactory for-
mation of round and rectangular specimens was ob-
tained, from which it is possible to compose complex
geometric shapes in the form of combination of bod-
ies of revolution and rectangles. The wall thickness of
specimens varied from 6 to 10 mm in use of four types
of wires (Figure 7).

28

The cross-sections of all the deposited specimens are
formed as a cast metal without inclusions and porosity.

As a result of carried out works, the possibility of
manufacturing products of a preset shape was shown
applying the methods of additive electron beam melting
using domestic raw materials, which allowed proceed-
ing with the development and manufacture of an pilot
installation for realizing 3D technologies in industry.
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ELECTRODES FOR ARC HARDFACING
OF COMPOSITE ALLOYS
A.l. BELY, A.P. ZHUDRA, V.I. DZYKOVICH and V.V. PETROV

E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazimir Malevich Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

This paper considers the peculiarities of formation of composite alloys based on tungsten carbides in arc hardfacing.
It was found that application of spherical granules of tungsten carbides as a wear-resistant phase, which are to lower
degree subjected to solution in process of hardfacing, is the most reasonable in development of electrode material.
The optimum content of reinforcing phase in electrode metal was determined which should vary in 60-70 % limits of
material weight in volume. Developed were gas-slag-forming and alloying systems and experimental compositions of
the electrodes were manufactured. A series of technological peculiarities for providing coating homogeneity, consisting
of components different in specific weight and granulometric composition, as well as its deposition on the electrode
rod, were specified in experimental way. Determined were specifics of hardfacing process using developed electrodes,
presented are the results of metallographic examinations of the deposited metal. Laboratory abrasive wear tests of com-
posite alloys with experimental electrodes showed their high efficiency. 10 Ref., 1 Table, 2 Figures.

Keywords: arc hardfacing, composite alloy, coated electrode, tungsten carbide, reinforcing particles, wear resis-

tance

The existing methods of producing composite alloys
by the method of hardfacing are based on using the
effect of reinforcement the deposited metal by parti-
cles of fused tungsten carbides WC + W.C (relite),
which have a high hardness (HV 1800-2200) and high
specific weight. The most widespread method for pro-
ducing composite alloys is a manual oxyacetylene
surfacing with a filler metal. As a filler material, most
often the strip or much rare the tubular-grain relite, de-
veloped at the E.O. Paton Electric Welding Institute,
as well as rods or flexible cords of foreign companies,
are applied [1-3]. In the recent years, plasma-powder
and laser surfacing of composite alloys became wide-
spread [4, 5]. At present, to a lesser extent, the induc-
tion or plasma surfacing is used with the addition of
powder or strip electrode [6]. It is also known about
the application of furnace method for production of
composite alloys [1, 7]. However, a large volume of
preparatory works, the use of low-temperature mate-
rials as a matrix and a high power consuming restrain
the spreading of the mentioned method.

All the methods of surfacing mentioned above
need stationary stations and specialized equipment.
However, the problems with surfacing materials arise
when it is necessary to strengthen the parts in field
conditions and if disassembly of parts is difficult. In
such cases, for arc semi-automatic or manual hard-
facing of composite alloys only imported consumables
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are applied in Ukraine. As a rule, these are flux-cored
wires, rods, electrodes, of well-known companies like
DURUM, Castolin, Sulzer Metco Woka and others.
In this regard, the development of domestic elec-
trode materials for arc hardfacing of composite al-
loys represents a hardfacing interest. The application
of electric arc hardafing has a number of advantages
over other methods: universality and simplicity of
technological process; high efficiency as compared
to gas surfacing; low energy consumption for hard-
facing; wide range of control of basic parameters of
hardfacing mode; opportunity for mechanization and
automation of the hardfacing process. To realize the
electric arc hardfacing method, it is necessary to de-
velop the new domestic electrode materialss which
provide the producing of composite alloys with preset
high service characteristics. The maximum efficien-
cy of such alloys is achieved due to the optimal con-
centration of a reinforcing phase, which determines
the wear resistance of deposited metal and also ser-
viceability of the matrix (wear resistance, crack re-
sistance, porosity, etc.) to the highest extent. More-
over, the wear resistance of the produced alloys is also
largely depends on chemical composition of matrix,
which is determined by the degree of dissolution of
tungsten carbide granules due to the diffusion of tung-
sten and carbon in welding pool during hardfacing.
This also leads to decrease in the concentration of a
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reinforcing phase and increase in brittleness of matrix
due to formation of secondary complex iron-tungsten
carbides [8, 9]. This is particularly pronounced in us-
ing of tungsten carbide granules produced by crush-
ing the ingots. As a rule, such granules are subjected
to plenty of cracks, have irregular shape and sharp an-
gles which facilitates their high dissolution in liquid
matrix melt.

The works on creation of technology of spraying
the refractory compounds, carried out at the E.O. Pa-
ton Electric Welding Institute, allowed starting the
industrial production of granules of fused tungsten
carbides of spherical shape of almost all fraction com-
positions from 0.05 to 0.8 mm. The strength of spher-
ical particles is 1.5-1.7 times higher than the strength
of crushed grains of similar composition, and the mi-
crohardness after spraying grew to HV 2800-3000
[10]. Moreover, the investigations showed, that due
to the spherical shape of reinforcing particles, it was
possible to significantly decrease their dissolution in
hardfacing and to reduce the transition of tungsten
and carbon from reinforcing particles to the matrix.
Thus, in gas hardfacing using strip relite with crushed
reinforcing grains of 0.45-0.63 mm size, the average
content of tungsten in the matrix of the composite al-
loy reaches 18-20 %, and with spherical reinforcing
grains of the same size it reaches 11-12 % [10]. Thus,
when developing a new electrode material, it was ad-
visable to use spherical granules of tungsten carbide
WC + W,C as a reinforcing phase and, thus, to pro-
vide their minimal dissolution in welding pool.

It is known that the ratio between the content of re-
inforcing particles and binder alloy of the composite
alloy is one of the determinating conditions for wear
resistance of the alloy as a whole. This ratio depends
on the type and structure of filler material, granulomet-
ric composition of reinforcing particles and should be
in the range of 60-70 %, which provides the content

Figure 1. Electrode for electric arc hardfacing of composite alloys
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of wear resistant phase in the deposited layer to about
40 % as to the volume and its high wear resistance.
This ratio became a basis for the development of a
new hardfacing electrode material.

The main feature of the designed electrodes is
the fact that reinforcing granules are introduced to
the composition of electrode coating, which, as a re-
sult, consists of the components considerably differ-
ent between each other in size and specific weight of
particles. This required the certain technological pro-
cedures in manufacture of electrodes of such compo-
sition in future. As a wear resistant component, the
granulometric particles of tungsten carbides of spheri-
cal shape of 0.45-0.63 mm and 0.63-0.80 mm are ap-
plied. The selection of such particles is predetermined
by design peculiarities of the equipment for manufac-
ture of electrodes and the required coefficient of the
coating mass.

The gas-slag-forming and alloying system is rep-
resented by traditional charge components applied for
production of welding and surfacing materials. The
granulometric composition of charge materials was
in the range of 0.28-0.40 mm. As a gas-slag-form-
ing system, the system based on marble and fluorspar
concentrate was adopted. The deoxidation of welding
pool was carried out by introducing ferromanganese
and ferrosilicon into the electrodes coating compo-
sition. For a partial limitation of formation of brittle
iron-tungsten structures in the matrix of deposited
composite alloy, the doping ferroalloys, containing ti-
tanium and vanadium, are introduced into the coating
composition.

These elements have a greater affinity to carbon
than iron and tungsten, and, in the first turn, they form
their carbides, thus reducing the amount of second-
ary iron-tungsten carbide phases. Taking into account
the abovementioned difference in components as to
their specific weight and granulometric composition,
their mixing was carried out with keeping the neces-
sary technological measures providing homogene-
ity of coating composition. At the same time, taking
into account the high weight ratio of the coating, the
electrodes shaping was carried out at the speeds con-
siderably lower than the usual ones established for
manufacture of typical electrodes. The ratio of weight
of spherical particles of tungsten carbides in the coat-
ing to the weight of metallic rod was in the range of
60-65 %.

In the course of experiments, the modes of drying
and calcination of electrodes after shaping were es-
tablished, at which the corresponding quality of coat-
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Results of tests of specimens on abrasive wear

Marking of Weight of specimen, g Wear, g Relative wear
specimen Initial After tests ' resistance
Steel 45-1 11.6157 10.9912 0.6245 1.0
OP-1 12.9226 12.8474 0.0752 8.3
OP-2 12.7251 12.6587 0.0664 9.4
OP-3 12.6434 12.5663 0.0771 8.1
Steel 45-2 11.8264 11.0612 0.7652 1.0
OP-4 13.0876 12.9895 0.0981 7.8
OP-5 13.3317 13.2485 0.0832 9.2
OP-6 12.9581 12.8659 0.0922 8.3
Steel 45-3 11.7361 11.0518 0.6843 1.0
S-1 12.6769 12.5869 0.0900 7.6
S-2 12.4935 12.3985 0.0950 7.2
S-3 13.1079 13.0058 0.1021 6.7

ing is provided. The calcination of electrodes should
be carried out in vertical position using special yokes,
as far as application of racks for drying in the hori-
zontal position leads to a probable distortion in the
uniformity of the electrode coating due to its high spe-
cific weight. The drying and calcination of electrodes
is carried out according to the following cycle:

e drying of electrodes in the vertical position at a
room temperature for 24 h;

e preliminary calcination of electrodes in the fur-
nace at T =200 °C for 1 h;

e calcination of electrodes in the furnace at T =
=400 °C for 2 h.

For comparative investigations, more than ten ex-
perimental compositions of filler materials were pro-
duced. The appearance of electrodes with particles of
spherical tungsten carbides is shown in Figure 1.

To evaluate the technological features of hard-
facing process by designed electrodes and metallo-
graphic examinations, the specimens were manufac-
tured, deposited by these electrodes. Figure 2 presents
macrostructure of the deposited composite layer. The
concentration of reinforcing particles in the plane of
the section amounts to higher than 45 %.

It should be noted that the process of hardfacing
by new electrodes has its own technological features.
The direct effect of arc on reinforcing particles can
lead to their partial fracture, appearance of small par-
ticles of tungsten carbides and increase in the degree
of saturation of matrix melt by tungsten and carbon.

In this regard, during hardfacing the application of
technological procedures is required providing transi-
tion of tungsten carbides from coating to welding pool
at a minimal effect of arc on the reinforcing particles.
The hardfacing was carried out in flat position with a
forward inclination of electrode at small oscillations,
providing some delays in melting of coating and, thus,
facilitating the transition of a significant part of re-
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Figure 2. Macrostructure of composite alloy: a — x80; b — x200

inforcing particles to welding pool, avoiding the re-
gion of high temperatures. However, the keeping of
the mentioned procedures does not exclude the dif-
fusion of tungsten and carbon into the binder alloy.
Therefore, the complete exclusion of forming the un-
desired structures in the alloy matrix, which embrit-
tle the matrix in the form of secondary iron-tungsten
carbides and eutectics, is impossible. The results of
investigations of microstructure of composite alloys
produced by electric arc hardfacing will be covered in
a separate work.

To evaluate the wear resistance of composite lay-
ers deposited by experimental electrodes, the method
of tests on abrasive wear in the machine NK-M was
applied, which consisted in abrasion of specimens
MI-90 moving along the copper path at the speed of
0.5 m/s under the load of 30 N. The friction path is
800 m, quartz sand serves as an abrasive. As a refer-
ence, the specimen of steel 45 is applied. The wear
resistance is evaluated with respect to the weight loss
of the reference specimen to the weight loss of the
specimen tested. The test results are presented in Ta-
ble. The data given in table show that the composite
alloys deposited using experimental electrodes (OP-
1-OP-6) are not inferior, and in some cases are 1.2—
1.4 times superior to the serial ones (S-1-S-3) and can
be successfully applied for wear-resistant hardfacing
of different parts.

Conclusions

1. The electrodes for arc hardfacing of composite al-
loys were designed on the base of granular tungsten
carbides of spherical shape, the feature of which is
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the introduction of reinforcing granules into the coat-
ings of electrodes. The designed electrodes provide
concentration of reinforcing particles in the deposited
composite layer of at least 40-50 %.

2. The technology for electrodes manufacture was
developed, providing homogeneity of coating con-
sisting of components different in specific weight and
granulometric composition. The features of modes of
drying and calcination of electrodes were determined.

3. The results of laboratory tests on abrasive wear
allow predicting the high service characteristics of the
developed electrodes.
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Applicability of fluxes of different grades at electroslag surfacing of end faces by discrete filler material in a cur-
rent-supplying mould was studied. It is found that selection of fluxes proceeding just from their physical properties
(viscosity and electrical conductivity) does not guarantee the conditions required for conducting the electroslag pro-
cess. Optimum position of the billet end face to be surfaced in the mould working cavity is very important for normal
operation of the mould and performance of sound surfacing with good formation of the deposited metal. In view of
the above-said, ANF-29, ANF-32, ANF-26 fluxes can be used for electroslag surfacing with discrete material. 20 Ref.,

2 Tables, 4 Figures.

Keywords: electroslag surfacing of end faces, flux, discrete filler, current-supplying mould, current, voltage, pro-

cess stability

Current-supplying mould (CSM) is a structure of sec-
tioned type, combining the functions of nonconsum-
able electrode and device forming the deposited metal
[1, 2]. It can be used both for electroslag surfacing
(ESS), and electroslag remelting (ESR). Electrodes
and billets of a large cross-section, wire, strip, solid
and liquid fillers can be used as material fed into the
liquid pool. Application of discrete filler seems to be
the most promising, as it not only forms the deposited
layer, but can have an inoculating impact on the solid-
ifying metal structure.

Schematic of ESS of end faces with discrete filler
in CSM is shown in Figure 1.

CSM is used as a mobile device, or it is mounted
stationary with displacement of the layer being depos-
ited relative to it. At deposition of relatively thin layers
(approximately <90 mm) CSM can be used without rel-
ative displacement of the mould and the deposited met-
al. In this case the forming section of the mould should
have the height which can accommodate the deposited
layer. At layer thickness >90 mm, difficulties of heat-
ing the whole volume of the slag pool, arise, and metal
formation becomes worse. Actual thickness of the layer
with good formation is ultimately determined by physi-
co-chemical properties of the applied flux, as well as the
kind and chemical composition of the surfacing materi-
al. One of the main stages of conducting the electroslag
process in CSM is setting the slag pool in it and preser-
vation of its stability (stable chemical composition and
specified electrical parameters of the process) during the

© Yu.M. KUSKOV, 2018
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entire period of CSM operation. The slag pool can be set
in the mould with application of one of the two known
techniques — liquid or solid start. In a regular mould,
slag pool of optimum depth (40-100 mm) is formed by
one-time pouring of the required portion of slag into it
from flux-melting furnace, or the same slag volume is
obtained by shorting the consumable or nonconsum-
able electrode on the tray (or billet being surfaced) with
gradual increment of molten flux quantity, transferring
the process form the arc to the slag one.

In CSM the poured-in slag portion can have dif-
ferent volume, depending on the position of the billet
or tray, relative to current-conducting section of the
ogo/ 0
¥ =" 7

11

/d

Figure 1. Schematic of ESS of end faces with discrete filler in
CSM: 1 — deposited metal; 2 — metal pool; 3 — slag pool; 4 —
mould; 5 — filler metal feed mechanism; 6 — discrete filler ma-
terial; 7 — protective layer (molybdenum, tungsten and graphite);
8-10 — mould sections; 11 — transformer; 12 — billet
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mould. The situation is similar also when performing
the solid start, when the slag pool volume should be
sufficient for closure of the electrical circuit of cur-
rent-conducting section-slag—tray (or billet). This
closure is exactly what allows ensuring CSM normal
operation and conducting the electroslag process for a
sufficiently long time without adding any additional
devices or electrodes into the working zone for main-
taining the slag pool in the molten state.

It should be also noted that, depending on the elec-
tric mode of surfacing and slag properties, the slag
pool surface can vary considerably, and this, along-
side the earlier mentioned influence of the slag pool
thermal condition on surfacing quality, may lead to
formation of non-conducting or partially current-con-
ducting slag skull (solid or half-liquid crust) on the
working surface of the current-conducting section,
even in the case, when it is protected by electrically
conducting lining, most often graphite one. Appear-
ance of skull makes current passage through one of
the working electric circuit elements difficult, process
stability is disturbed; in the extreme case, the electro-
slag process stops completely.

Thus, correct selection of the flux (slag) is of par-
amount importance for normal CSM operation. Flux
cost should be also taken into account. It is known
that the flux cost is equal to 2—6 % in the cost of melt-
ing ESR ingots [3]. At ESS, when relatively small
metal layers are mainly deposited, this value naturally
becomes much greater.

From the moment of electroslag process invention
at the end of 1940s — beginning of 1950s more than 50
flux grades have been proposed for its performance.
The main component of the fluxes is calcium fluo-
ride, characterized by the lowest vapour pressure at
the temperatures of electroslag processes, compared
to Al, Ba, Mg fluorides. Physical properties of molten
CaF, ensure process stability.

Ca, Al, Mg oxides are added to reduce electrical
conductivity, adjust melt viscosity, and improve its
desulphurizing ability. Content of silica as a com-

pound, which is less thermodynamically stable one
than the above-mentioned oxides, and also lowers the
desulphurizing ability of slag, is usually not higher
than 2 %. However, at ring ESS, as well as in prac-
tical application of ESR, fluxes with increased silica
content (ANF-14, ANF-25, ANF-28, ANF-29) are
sometimes used.

At present, fluxes of different grades are used for
conducting the electroslag process, depending on
chemical composition of the metal being remelted, its
kind and surfacing technique (in a mobile or stationary
mould). The following examples of such an approach
to selection of fluxes for operation with CSM can be
given: ring ESS by liquid metal (chromium cast irons,
stainless, tool, high-speed steels, etc.) with relative
displacement of the deposited metal and mould with
application of AN-75, ANF-32, ANF-94 fluxes [4-7];
remelting of electrodes and surfacing of end faces (ti-
tanium alloys, copper, low-alloyed and stainless steels)
with CaF,, ANF-94, ANF-28 fluxes [8-10]; ESR, end
face and ring surfacing with feeding into the slag pool
(ANF-14, AN-75, ANF-29, ANF-28N) discrete fill-
ers (chromium and chromium-nickel cast irons, high-
speed and die steels, copper, etc.) [4, 10-13].

The influence of some process parameters and
chemical composition of fluxes on the stability of the
electroslag process in CSM at ESS of end faces with
discrete filler is considered in this work. In this case,
alongside good formation of the deposited metal from
the very start of surfacing and complete melting of
the filler, it is also necessary to ensure sound joining
of the base and deposited metal, using the correctly
selected flux. The latter is a rather complicated task,
compared, in particular, to ESR method, in which the
removed (bottom) part of the ingot may reach 15 % of
its weight [14]. Therefore, this task will be considered
in the following papers.

Fluxes, which were accepted both in electroslag and
in arc processes (AN-22, AN-26) were selected for pre-
liminary consideration. Flux grades and their composi-
tion according to TU specification are given in Table 1.

Table 1. Fluxes, pre-selected for consideration of their applicability in the investigations

Chemical composition of fluxes, wt.%
Flux grade .
CaF, ALO, Ca0 Sio, MgO MnO
ANF-14 60-65 10-12 <8 14-16 4-8 -
ANF-29 37-45 13-17 24-30 11-15 2-6 -
ANF-32 34-42 24-30 20-27 5-9 2-6 -
ANF-94 34-40 17-21 11-22 14-20 7-11 <2
AN-75 56-59 9-12 6-8 18-21 6-8 5-7
AN-90 39.0 10.5 23.5 26.5 0.5 -
AN-22" 20-24 19-23 12-15 18-22 12-15 7-9
AN-26 20-24 19-23 4-8 29-33 15-18 2.5-4
“Flux additionally contains Na,O + K,O in the amount of 1.3-1.7 wt.%.
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Figure 2. Dependence of flux viscosity on temperature [15-18]: a — salt-oxide; b — oxide fluxes: 1 — ANF-14; 2 — AN-75; 3 —

ANF-29; 4 — ANF-32; 5 — ANF-94; 6 — AN-22; 7 — AN-26

Dependencies of the main physical characteristics of
slags, namely viscosity and electrical conductivity, on
temperature are given in Figures 2 and 3 [15-18]. There
is no data on physical properties of AN-90 flux.

The main technical and economic characteristics
of electroslag processes, and, accordingly, criteria for
flux selection, were as follows:

Oxide-fluoride flux ANF-14 is used at electroslag
welding of steels, as well as in ESS of cast irons, in par-
ticular, ESS by an electrode — pipe of hot rolling rolls
[4]. At ESS with cast iron shot in CSM, slag inclusions
were observed in the deposited metal and along the fu-
sion boundaries of the base and deposited metal in a
number of cases. This is associated with the cooling
impact of shot fed into the slag pool, in contrast to that
of overheated drops from the melted off consumable
electrode tip. It is not produced commercially.

ANF-29 and ANF-32 fluxes are designed for ESS
in mobile moulds, due to addition of an increased
quantity of SiO, to their composition [19]. Presence

of an increased content of silica in slag based on cal-
cium fluoride, promotes producing a thin skull crust
and good formation of the deposited surface in a wide
range of variation of the melting modes. These fluxes
are produced commercially.

ANF-29 flux. It was developed for ring ESS by
liquid metal (high-speed steels) in CSM [10]. Similar
to the case of ANF-14 flux, conditions of slag pool
existence differ considerably at feeding the liquid and
solid filler. It is not produced commercially.

AN-75 flux. It is a modification of ANF-14 flux due
to addition of 57 % MnO to it. At ESS with cast iron
shot ina mobile CSM, it provides good formation of cast
iron and fusion of the base (steel, cast iron) and deposit-
ed metals [4]. At deposition of steel shot metal formation
deteriorates, and unmolten shot particles occur in the de-
posited layer. It is not produced commercially.

AN-90 flux. It was developed for ESS by stainless
steel strips with free formation of the deposited metal.
It provides good metal formation, easy detachment of
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Figure 3. Dependence of flux electrical conductivity on temperature [15-18]: a — salt-oxide; b — oxide fluxes: 1 — AN-75; 2 —

ANF-29; 3 — ANF-32; 5 — ANF-14; 6 — AN-22; 7 — AN-26
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Table 2. Electrical characteristics (I, kA, U, V) of surfacing of end faces with discrete filler at certain position (L, mm) of the deposited

layer
Flux grade Measured Evaluation levels
parameters 1 2 3 4 5 6 7 8 9 10 11 12
L 0 88 82 76 70 64 58 52 46 40 34 28
ANF-29 | 0.98 1.55 1.97 2.04 2.05 2.26 2.30 2.38 2.46 2.6 2.68 2.73
U 62.6 59.2 57.0 56.6 56.4 55.6 55.5 55.1 54.7 53.8 53.5 54.4
L 0 88 82 76 70 64 58 52 46 40 34 28
ANF-32 | 1.56 1.69 1.77 1.83 1.87 2.0 2.15 2.26 2.42 2.58 2.8 2.84
U 345 43.8 42.6 42.6 415 40.0 37.6 34.4 34.2 31.2 30.2 27.3
L 0 65 60 55 50 45 40 35 - - - -
AN-26 | 2.33 2.44 2.54 2.56 2.72 2.83 2.95 3.16 - - - -
U 57.3 57.2 56.6 56.6 55.6 54.8 54.5 53.4 - - - -
“L,=70 mm.

the slag crust, maintaining a stable electroslag process
at a small depth of the slag pool, low susceptibility to
hydratation [20]. It is not commercially produced.

AN-22 flux. It is used both for electric arc welding,
and for high-alloyed steel surfacing. A relatively low
content of highly deficit CaF, can be regarded as the ad-
vantage of this flux. It is not produced commercially.

AN-26 flux. Its application and advantages are
similar to those of AN-22 flux. It is produced com-
mercially in the vitreous variant (AN-265S).

As a result of the performed analysis, ANF-29,
ANF-32, AN-90, AN-22 and AN-26 fluxes were select-
ed for investigations. Application of AN-90 and AN-22
fluxes caused the greatest doubt. The first one — for the
reason of lack of understanding of its behaviour at ESS
in water-cooled moulds, the second one — because of
presence of about 2 % of sodium and potassium oxides
in its composition, that supposedly would hinder pres-
ervation of their content during surfacing.

In this connection, investigations were divided
into two stages. At the first stage practical verifica-
tion of stabilization of electroslag process with AN-22
and AN-90 fluxes was performed at ring ESS in CSM

Figure 4. Appearance of side surface of the deposited layer with
application of AN-26 flux at initial value of L equal to 70 mm
(longitudinal section of the deposited billet)
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with a widened upper section and increased diameter
of the surfaced billet. Such a surfacing schematic al-
lowed reducing the slag pool volume (2870 cm?®) to
improve its preheating conditions. But in this case,
too, after pouring each of these slags into the mould
(liquid start), it was not possible to set a stable slag
pool, even at maximum level of the power source.

Therefore, the main investigations (stage 2), were
conducted with application of ANF-29, ANF-32 and
AN-26 fluxes at surfacing of end faces in a smooth-
bore CSM with 3820 cm? volume of the slag pool (ap-
proximately by 30 % greater than in experiments of
the 1% stage). Procedure of experiment performance
was as follows (see Figure 1). In CSM of 180 mm
diameter, the water-cooled electrode with a graphite
attachment at its end was used to set a slag pool on the
billet surface, by successively melting flux portions,
until the pool began touching the current-conducting
section of the mould. From this moment, CSM op-
eration began, and the electrode was removed from
its working cavity. After preheating the slag pool for
three minutes, dry fine chips (after milling) of the fol-
lowing chemical composition, wt.%: 0.50 C; 0.62 Si;
1.3 Mn; 3.30 Cr; 0.93 Ni; 0.15 Mo; ~ 1.0 Cu, were fed
into it in portions. Prior to that, chips weight to which
a certain deposited layer thickness corresponds,
was determined. All the surfacing operations were
performed at the maximum IV level of transformer
TShP-10. Initial distance from the processed surface
of the billet to the upper edge of the forming section
(L,) was equal to 94 mm.

During surfacing, maximum possible distance from
the processed surface of the billet to the edge of forming
section (L) was determined for each flux (from evalua-
tion levels), as well as currents and voltages, correspond-
ing to each position of the deposited metal level.

Results of the performed experiments are shown
in Table 2. Analysis of measurement results, techno-
logical features of surfacing operations, as well as the
values of viscosity and electrical conductivity of fluxes
depending on temperature (Figures 2, 3), lead to the
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following conclusions. Despite the relatively close
values of physical properties of ANF-29 and ANF-32
fluxes, their behaviour at surfacing is different. Each
feeding of steel chips into the slag pool reduced the
distance from the deposited layer surface to the cur-
rent-conducting section, thus lowering the electrical
resistance in the section-slag-deposited metal segment.
Here current rises and for ANF-29 flux, approximately
at the third evaluation level, the slag pool already ac-
tively rotates in the horizontal plane, quietly absorbing
the fed portions of the filler. At application of ANF-32
flux, the weight of the first portions of chips had to be
minimized, as the thermal power of the slag pool was
insufficient for melting large portions of filler. When
attempting to increase their mass feed rate, the chips
significantly impaired the process stability, because of
lowering of slag temperature. And only after achieve-
ment of approximately level 4-5 the process was com-
pletely stabilized. Therefore, for ANF-32 flux the ini-
tial L, value should be equal to about 70-75 mm.

Considering the physical properties of AN-26 flux
(relatively low electrical conductivity, increased vis-
cosity and melting temperature), it was decided to
conduct the experiments at initial value L, = 70 mm.
For these surfacing conditions the slag pool formed
due to melting of AN-26 flux, is set without any dif-
ficulties, even at level II of the power source. At sur-
facing proper (level 1V of the power source) the chips
were actively melting in the slag, which had a higher
temperature at visual evaluation. Correctness of se-
lection of initial value L, was confirmed by that the
side surface of the deposited layer, corresponding to
feeding chips on level 1-2, was slightly worse formed
than on the other levels (Figure 1).

Conclusions

1. At ESS of end faces with discrete filler in CSM the
specific conditions of CSM operation make special
requirements not only to physical properties of fluxes,
but also to laying out the mould working space (ar-
rangement of the billet to be surfaced in it).

2. Selection of fluxes proceeding just from their phys-
ical properties, does not guarantee optimum conditions
of conducting the electroslag process at ESS in CSM.

3. «Long» ANF-29 and ANF-32 fluxes are suitable
for performing ESS of end faces in both mobile and
stationary CSM. «Short» AN-26 flux can be used in
the technologies of surfacing without relative displace-
ment of the mould and surface billet. In both the cases,
stable electroslag process and good formation of the
deposited metal are ensured at optimum positioning of
the processed end face in CSM working cavity.
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INTERNET DATABASE
OF ARC SURFACING PROCESS USING FLUX-CORED WIRES
V.G. SOLOVIOV

E.O. Paton Electric Welding Institute of the NAS of Ukraine
11 Kazimir Malevich Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua

A significant volume of work was performed on arc surfacing with application of self-shielded flux-cored wire on flat
and cylindrical surfaces of workpieces by an open arc, submerged arc and in shielding gas atmosphere, in a wide range
of voltages and currents of the arc, with different wire diameters and at different deposition rates, in order to use the
experimental material to develop algorithms for automation of the technological process. The paper presents a solution
on systematization of the data, obtained as a result of experiments, which allowed all the investigation participants to
have remote access to the Internet database for its expansion, correction and analysis. 8 Ref., 3 Figures.

Keywords: automation, database, arc surfacing, flux-cored wire

Integrated automation of nonlinear multifactorial tech-
nological process of arc surfacing of metals requires
involvement of considerable mathematical and compu-
tational resources on modeling relations of a large num-
ber of parameters, part of which can be obtained using
sensors, and the other part by indirect method, using the
apparatus of regression analysis, neural network tech-
nologies, fuzzy logic, etc. In addition to that, opti-
mization of the process is contemplated, and in this
case optimization will be multicriterial, that greatly
complicates system synthesis. Recently, the synerget-
ic principles of synthesis [1] are ever more often used
for automation of «dissipative systems», to which the
arc process belongs. These principles allow stabiliz-
ing the relationships between the variable states of the
process. The consequence of this fact is degeneracy
of the equations of dynamics of arc surfacing pro-
cess and presence of integral invariants of manifolds
in the space of its states. Invariant manifolds repre-
sent «certain functions which do not change during
movement» [2]. Such approaches to automation of
nonlinear objects greatly simplify the system synthe-
sis and can be used for reaching the ultimate automa-
tion goals, i.e. improving the manufactured product
quality with maximum energy saving. However, they
require conducting a considerable number of experi-
ments for analysis. A large scope of experimental arc
surfacing with flux-cored wire of flat and cylindrical
surfaces of products has been performed to obtain
data characterizing the arc surfacing process, which
furtheron will be used for analysis and synthesis of
an automation system. Open-arc, submerged-arc and
gas-shielded arc surfacing was performed in a broad
range of voltages and currents of the arc with different
diameters of flux-cored wire and at different deposi-
tion rates. Quality characteristics of the deposits and
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deposited beads were obtained, which are particularly
significant for process automation.

The objective of this work is compiling an Internet
database of the results of experimental arc surfacing
with flux-cored wires for remote sharing during de-
velopment of a system of automatic regulation of arc
surfacing process.

Figure 1 shows a list of input and output data of the
process of arc surfacing. The following process param-
eters are input data for the process: kind of surfacing
(open-arc, submerged-arc or gas-shielded surfacing),
flux-cored wire grade and its diameter, electrode ex-
tension, deviation from the item equator (for surfacing
on cylindrical surface), etc. Controlling parameters are
the position of manual device for setting power source
voltage, position of manual device for setting electrode
wire feed and position of manual device for setting the
deposition rate on the unit control panel.

During preparation for experiment performance,
software was developed within the framework of au-
tomated acquisition of statistical data [3], which pro-
vided monitoring and digital recording of the follow-
ing parameters of arc surfacing process:

e instantaneous values of power source voltage
U,.0;

e instantaneous values of surfacing current I (t);

° Up.s(t) and 1 (t) values average over surfacing time;

e instantaneous values of arc voltage U (t) and arc
current I (t); here U (t) and 1 (t) values were deter-
mined by excluding from Up.s(t) and 1 (t) values the
voltage and current values in the time intervals of ap-
pearance of short-circuits (ShC) and arc breaks;

e arc voltage and arc current values average over
surfacing time;

e manual entering and recording of settings of arc
voltage and current voltage;
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- FBM;
- bead width;
- bead height;
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- average ShC current;

- RMS of ShC duration;

- RMS of ShC voltage:;

- RMS of ShC current;

- average duration of arc breaks;

- RMS of arc break duration;

- coefficient of process instability;
- other...

Figure 1. List of input and output data of the technological process of arc surfacing

e manual entering and recording of values of the
position of manual device for setting power source
voltage P, position of manual device for setting elec-
trode wire feed rate P . and deposition rate V, ;

e ShC duration average over surfacing time;

e ShC voltage average over surfacing time;

e ShC current average over surfacing time;

e duration of arc breaks average over surfacing time;

e calculation and recording of such statistical param-
eters as MRS (mean-root-square error) value of welding
voltage and arc voltage; MRS value of welding current
and arc current; MRS value of ShC duration, voltage and
current; MRS value of arc break duration;

e coefficient of instability of electric parameters
of surfacing;

e type of metal drop transfer: globular, drop, fine-
drop or spray;

e calculation and recording of evaluation by average
duration of arc breaks. The following states were de-
termined: «no breaks», «allowable number of breaks»,
«considerable number of breaks», «many breaks», «a
great number of breaks» or «process is unstable.

During experiments, surfacing time, kind of sur-
facing, flux-cored wire grade, wire diameter, electrode
extension, kind of workpiece surface, deviation from
zenith of a cylindrical billet were recorded. Deposited
beads were photographed, and time chart entries were
recorded by such parameters as instantaneous weld-
ing voltage and welding current, instantaneous arc
voltage and arc current.

At the end of each surfacing operation surfacing
protocol was automatically generated in the form of
a text file.
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Results of expert evaluation of the deposited beads
were used to determine the quality of bead formation
as: «poor», «satisfactory» or «good»; presence of pores:
«no pores», «individual pores» or «numMerous pores».

Processing macrosections yielded such parameters
as: «fraction of base metal in the deposited metal»
(FBM); bead cross-sectional area, bead width, bead
height and penetration.

Analysis and processing of experimental results
yielded a lot of data on interconnection of various pa-
rameters, regularities of their change, depending on
initial input conditions. This was recorded [3, 4] in the
form of various graphs, figures and tables.

It resulted in obtaining data on arc surfacing of
about 250 experimental beads, each of which is char-
acterized by about 50 values of the above parameters
unique for each bead, i.e. approximately 12500 data
points [3]. By their structuredness, these data com-
pletely correspond to the definition of normalized re-
lational database [5, 6], i.e. these data can be placed
in a two-dimensional table, in which the relationships
between information are fully defined. Marking the
deposited bead is the primary KEY for such a table.
Unique parameters, inherent to just this bead, are
placed in the table rows in the corresponding cell.
Markings are stamped on the item near the bead with
shock markers for metal so that the marks did not dis-
appear at further cutting and processing of the items.
The database has the following structure: OBJECT is
the bead; ATTRIBUTES are all the above-listed pa-
rameters, characterizing the deposited bead. In the
Table the number of rows (entries) corresponds to the
number of deposited beads, and the number of col-
umns (fields) corresponds to the number of attributes.
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Figure 2. Arc surfacing database created using VCW VicMan’s DataBase

Known are examples of databases of the modes
of CO, arc welding, submerged-arc and inert-gas
arc welding [7], which were developed on the ba-
sis of specialized software, suitable for application
for the range of products, characteristic for this ma-
chine-building plant, and only within this plant. This
software, however, is not suitable for collective study
of the technology of self-shielded flux-cored wire arc
surfacing with the purpose of process automation.
Figure 2 shows the main form of the control sys-
tem of VCW VicMan’s DataBase (further on DBCS)
which we used initially for systematizing and inte-
grating (in the form of surfacing database) all the data
derived as a result of experiments. DBCS is simple
and very flexible for creation of small relational da-
tabases. It allows creating up to seven types of fields
(text, graphic file of any format, in the form of a list,
in the form of a flag, etc.). It allows editing the da-
tabase, exporting it into a file and importing it from
a file. It searches the text fields and sorts the entries
in the required order; exports the database into Mi-
crosoft Word, Excel, into DBF and HTML format
files. It, however, has a limitation by the number of
fields — up to 30 ones (in this case about 50 or more
are required). Here, as shown by practical work with
the surfacing database, it is very often necessary to
perform computations, using the data in the tables,
for instance, determine the sum of the selected data,
determine the value of autocorrelation or cross-cor-
relation coefficients. However, this DBCS does not
have such a capability. Therefore, it is necessary to
export data into Excel program, which has a sufficient
arsenal of tools for analysis, computation and visu-
alization, and to perform the required computations
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in this program. Moreover, VCW VicMan’s DataBase
cannot be placed in the cloud Internet resource, and
without it, under the present conditions, it is impos-
sible to organize efficient collective research on the
defined problem. For its filling and analysis the arc
surfacing database requires participation of different
groups of experts, specializing in certain areas of the
work on the defined problem. And this work should
be performed from different workplaces.

Internet database (cloud database, web-database) is
the electronic distributed database, accessible through
the Internet, unlike the lumped databases, accessible
only in an individual computer or on the storage de-
vice connected to it, for instance, compact disc. Such
databases are located on servers, fitted with a web-in-
terface that allows access to them using widely accept-
ed software through one of the public web-browsers.
Intensive introduction of services for cloud computa-
tions by providers, led to Internet-databases becoming
increasingly in demand. Such services, as Amazon
Web Services (AWS), Google Cloud SQL, Microsoft
Azure, SAP, Oracle, etc, operate in the cloud database
market. They are attractive for customers with bases
having a large distributed volume of data, for whom
such cooperation is cost-effective.

A relational database can also be created in Mi-
crosoft Excel software package. In this case, Excel
will perform, in some sense, the role of DBCS un-
characteristic for it, but, nonetheless the one it often
plays [8]. If the relational database created in Excel,
is not normalized, i.e. has several values in one cell of
the table, then an additional table has to be compiled,
which is linked to the first one, that complicates work-
ing with Excel as the database control system. Now in
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Figure 3. Some database functions, realized in Google Tables: a — sorting function; b — filtering function

our case, the surfacing database is normalized, and it
can be placed in one table. Moreover, if required, hy-
perlinks to a graphic, text or other document, as well
as the executed file, can be entered in the table fields
that is very convenient, but searching by these fields
is impossible in Excel.

At present Google Drive cloud resource provides
for free use of more than 15 GB of cloud memory for
secure file storage, including Microsoft Word, Excel
documents, photos and videos. Thus, it enables other
users looking through, editing and copying the docu-
ments. Google Tables application allows working with
Excel files quite comfortably, practically no worse than
in Microsoft Office Excel. It is possible to work not
only on-line, but also off-line with subsequent syn-
chronizing with Google Tables, when you turn on the
Internet, as well as to work on the smartphone, with
installed OS Android 4.0 and later versions. Moreover,
Google Tables supports simultaneous joint work with
tables of an unlimited number of employees, who re-
ceived the right of access from the administrator.

Cloud database of arc surfacing results, creat-
ed in Google Tables, allows editing, managing, and
sorting the data (Figure 3, a), filtering it by columns
(Figure 3, b), as well as generating reports based on
data stored in spreadsheets. Results can be manually
entered into the database, or imported into the Google
Tables. If the data pertain to other programs, then be-
fore importing, they should be saved in Excel format,
and after that imported into Google Tables. Google
Tables application allows computing the result by the
most diverse criteria:

e sum — data is summed;

e count — number of cells in the numerical range
is counted;

e average value — mean arithmetic value is calcu-
lated for the selected data range;
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e minimum and maximum values — shows the
lowest and the highest values in the selected range;

e product — calculates data product;

e standard deviation — assesses the standard de-
viation in a sample;

e dispersion — assesses the dispersion in a sam-
ple, etc.

Conclusions

1. Capabilities of Google Tables Internet resource for
creation of a fully functional cost-effective database
of arc surfacing process for shared use were studied
and confirmed.

2. An Internet database of the results of the pro-
cess of experimental arc surfacing with flux-cored
wires was created for its remote sharing in order
to develop an automatic system of regulation of arc
surfacing process.
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INFORMATION

UNIT FOR

HIGH-VELOCITY ELECTRIC ARC SPRAYING

> The unitis designed for deposition of wear, corrosion resistant and special coatings, repair
of worn machine parts by means of double-wire electric arc spraying in high-velocity flow
of hot combustion products of hydrocarbon gas with air of current-conducting materials
in form of wire (flux-cored wire) of 1.6-2.2 mm diameter. Joint development of PWI and
«PLAZER» Company.
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Appearance of restored part and unit in the framework of semi-automatic line
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INFORMATION

INDUCTION HIGH-FREQUENCY UNIT

FOR REMELTING OF REFRACTORY POWDER MATERIALS

One of the perspective directions of HF-plasma application is remelting of powder materials. A
source of HF-discharge is a high-frequency generator, which induces a powerful electromagnetic
high-frequency field in the inductor. The inductor contains a plasmatron forming a set mode for
plasma forming gas escape at 7000-10000 °C temperature.

One of the directions of HF-plasma application is remelting of powder materials with further
deposition of molten particles on a substrate; the second one is remelting and balling of powder
materials. High melting efficiency of oxide materials allows wide application of developed
equipment in additive technologies.

> Technology of plasma treatment of powder materials using HF-plasma allows receiving
the spherical particles independent on shape of raw material. Application of special design
reactor allows treatment of powder of chemically active metals and alloys in plasma with
their further usage for additive technologies.
Joint development of PWI and «PLAZER» company.
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