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Abstract

In the work, electric arc layer-by-layer surfacing of a low-
carbon low-alloyed wire in a carbon dioxide environment is
carried out. The deposited metal structure in the form of a
parallelepiped of thickness 4 mm and height 40 mm reveals
the study of microstructure by optical microscopy, the com-
position of microhardness by indentation of drop tips and
chemical composition by atomic emission spectral analysis.
The obtained results show that products have a gradient
structure. Only the last deposited zone has a dendritic struc-
ture. The underlying zones of secondary heat treatment, due
to heat release from the upper layer, have a polyhedral
recrystallized fine-grained ferritic-pearlitic structure. The
microhardness of ejected deposited fibres changes from
1760 MPa to 1360 MPa in upper deposited layers. This is a
general decrease in the pearlite fraction and the definition of
ferrite. The evaluation of the chemical composition of depos-
ited metal shows that in the first-fourth case, the metal of
the deposited wire and substrate metal change, and the per-
centage of chemical elements in the thickness with the sixth
composition of twenty approximately determines the metal
of the deposited wire.

INTRODUCTION

Currently, one of the most promising areas for imple-
menting technological processes for manufacturing metal
products of complex configuration is additive manufactur-
ing. It is based on layer-by-layer metal surfacing in accord-
ance with a three-dimensional model created by computer
modelling and design, /1/. Metal powders of the micron
range /2-17, 48/, or wire of the required diameter /11-68/ of
various chemical compositions are used as the starting mate-
rial. An electronic /2, 3, 5-11, 17-19, 29-31, 53/, laser /2-5,
7-19, 23-28, 53/, or plasma beam is used as an energy (heat)
source, and also an electric arc /15-17, 32-67, 69, 70/. In
addition, it is possible to use hybrid heat sources, e.g., a
combined electric arc and laser beam, /61/.
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Kljucne reci

« elektrolu¢no navarivanje metalnom Zicom
« mikrostruktura

« mikrotvrdoca

« hemijski sastav

lzvod

U radu se izvodi elektrolucno navarivanje sloj-po-sloj
niskougljenicnom niskolegiranom zZicom u zastiti ugljen-diok-
sidom. Naneta struktura metala, oblika paralelopipeda deb-
ljine 4 mm i visine 40 mm, je posluZila za odredivanje mikro-
strukture optickom mikroskopijom, sastava mikrotvrdocom
utiskivanjem i hemijskog sastava metodom spektralne analize
emisije atoma. Dobijeni rezultati pokazuju da dobijeni proiz-
vodi imaju gradijentnu strukturu. Samo je poslednji sloj
imao dendritnu strukturu. Prethodni slojevi, dvostruko ter-
micki obradeni, usled oslobadanja toplote gormjeg sloja,
imaju poliedarsku rekristalizovanu finozrnu feritno-perlitnu
strukturu. Mikrotvrdoca izbacenih nanetih viakana se menja
od 1760 MPa do 1360 MPa u gornjim nanetim slojevima.
Ovo je istovremeno i opsti pad frakcije perlita i po definiciji
ferit. Odredivanje hemijskog sastava nanetog metala poka-
zuje da u prvom-cetvrtom slucaju, dolazi do promena u
metalu navarene Zice i u metalu supstrata, kao i u procentu
hemijskih elemenata po debljini sa Sestim sastavom od
dvadeset priblizno uslovljava metal Zice za navarivanje.

Among the listed methods for manufacturing metal
products by additive technologies, one of the most optimal
is layer-by-layer surfacing of wires. This is due to several
reasons. Firstly, there is a wide range of chemical composi-
tion and diameter of wires on the market that can be used as
a material for electric arc surfacing. Secondly, the nomen-
clature of production complexes for this process is open.
This allows the use of both industrial robots and automated
three-axis tables in conjunction with common power sources,
torches and ancillary equipment designed for conventional
arc welding and surfacing. These factors, together with the
relatively high productivity of arc surfacing, make these tech-
nologies promising despite the surface quality of manufac-
tured products and the need for their subsequent machining,
as well as residual deformations and stresses.
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However, the implementation of layer-by-layer surfacing
process is hampered by the fact that the cost of specialised
equipment and software does not correlate with the possi-
bility of its use by industrial machine-building enterprises.
Attempts to implement layer-by-layer surfacing technology
are reduced to the use of CAM modules that generate a
control programme for CNC milling machines or plasma
cutting machines. The main disadvantage of using such soft-
ware modules is a significant difference in the specifics of
the ongoing processes. So, in contrast to machining with a
multi-blade tool, where the tool parameters are taken into
account in the trajectory of the executing body, in the process
of layer-by-layer deposition of the part wall, it is necessary
to ensure the uniformity of metal deposition, taking into
account the temperature and speed parameters for supplying
the required volume of molten metal. Compared with the
possibility of plasma cutting machines, the trajectory formed
for cutting the material completely repeats the contour of
the cut part, and for surfacing a wall whose thickness is
greater than the geometric parameters of the weld pool, it is
necessary to use complex motion elements to fully ensure
the geometry of the created part. In addition, in the layer-
by-layer surfacing process, it is necessary to take into
account the parameters of the accumulating medium, which
will change depending on the shape and size of the obtained
surfaces of the part and change the physical and mechanical
characteristics after the metal cools down.

Therefore, the issue of developing a software and hard-
ware complex for the manufacture of complex body parts
by layer-by-layer surfacing becomes relevant. This software
package will allow you to move the burner along a complex
predetermined trajectory and obtain a wall of the deposited
product of required thickness and configuration, and this will
ensure uniform physical and mechanical properties of the
material throughout the entire volume of the part. The main
difference of this work is that the developed software pack-
age is adapted to layer-by-layer metal surfacing from all-
metal welding wire and is synchronized with the electronic-
mechanical complex for layer-by-layer arc surfacing in
shielding gases. The significance of the obtained results lies
in the fact that they will make it possible to manufacture
unique products without traditional methods for producing
metal blanks by casting in conditions of single production
and, at the same time, significantly reduce the number of
surface machining operations in the technological process
of manufacturing metal products.

In order to test the hypothesis on the possibility of imple-
menting the surfacing process in automatic mode along a
given trajectory, the authors designed a three-coordinate
system for moving the welding torch holder. The installa-
tion is based on the ‘Cartesian kinematics’ system with per-
pendicularly located guiding elements and traction devices
of the screw-nut type. The burner is installed vertically, and
its upward movement corresponds to the Z coordinate. The
rectangular table is able to move in the horizontal plane in
the X and Y coordinates, respectively.

The stepper drives are controlled by an eight-bit Arduino
UNO R3 ATmega 328P microcontroller with free distributed
GRBL firmware installed. To implement the movement
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according to the programme, an appropriate language based
on G and M commands is used. In the process of testing the
designed installation, its serious shortcomings are revealed.
For example, when growing a part in layers, it is necessary
to move the table in a horizontal plane while the table mass
increases which means that the inertial component becomes
larger. Also, in the process of working out using a conven-
tional G code, when changing the direction of movement,
the GRBL module creates an acceleration and deceleration
of movement speed which leads to instability in welding arc
formation. An important negative factor are open areas of
mechanical and electrical installation parts, when molten
metal drops hit them. However, despite the existing short-
comings, it is possible to obtain several completed samples
obtained by welding wire surfacing. The authors have out-
lined ways to improve both mechanical performance and
software process improvement.

The purpose of this work is to develop a software and
hardware complex for the production of hull products with
different wall thicknesses and different configurations by
layer-by-layer metal deposition from all-metal welding wire
in a shielding gas environment. The bulk of the specialised
equipment and software present on the market does not cor-
relate with the possibility of its use by industrial machine-
building enterprises due to the high price. The developed
software and hardware complex is in this case a very good
alternative, since it is much cheaper than analogues and has
high performance.

PRESENTATION OF THE MAIN MATERIAL

To develop a hardware-software complex, the design,
modelling, and programming methods are applied.

When designing a software and hardware complex, it is
important to take into account the workspace in which work
will take place, technological, kinematic capabilities and
features of the tasks it must perform. To determine the
working area dimensions of the hardware-software complex
and the dimensions of the resulting product, it is necessary
to find dependences of geometric parameters of the complex
on the trajectory of the output link. Also, one of the most
important stages in the design of a robotic mechanical system
is the solution of the problem of structural synthesis of mech-
anisms. An inefficient mechanism design from a structural
point of view will lead to excessive loads on kinematic
pairs, /71, 72/.

In the process of modelling the design of the software
and hardware complex, one of the main conditions is that
all mechanical and electrical parts are not in the surfacing
zone, because of splashing, present during welding with a
consumable electrode in a shielding gas environment, that
can disable them. The next condition is to ensure movement
of the welding torch itself, by analogy with a robotic arm,
and not a table, as in metal-cutting equipment. Note that
with each deposited layer of metal, the weight of the part
increases, which means that loads on the mechanisms also
increase. The third condition is to ensure the resistance of the
structure to high temperatures in the welding wire melting
process. In the process of arc layer-by-layer surfacing, heat
is released, and the structure may be heated, which can lead
to deformation of main components.
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The general composition of the complex should include
such basic parts as a perfect kinematic design for moving the
welding torch, an electronic component that includes a fast
microcontroller and software for preparing control pro-
grammes that form a trajectory, taking into account physical
and technological processes and geometric shapes (Fig. 1).

Software

Layering module

Movement trajectory generation module taking into account
regime parameters

Hardware

Microcontroller module for manipulator movement
reproduction

Basic

Mechanical implementation of accuracy, trajectory and travel
speed

Figure 1. General composition of the software and hardware
complex for surfacing with welding wire.

The new software and hardware complex mechanism is
based on the operation of a manipulator with parallel kine-
matics ‘delta’ layout. This manipulator consists of an upper
fixed round base with a radius R (Fig. 2) and a lower move-
able platform with a smaller radius r (Fig. 2). The platforms
are connected by three levers. Each lever is divided into
two parts: the upper arm of length 11 (Fig. 2) is fixed to the
motor with one end on the upper base and rotates through
an angle 6, the lower arm of length I, (Fig. 2) consists of two
parallel-connected rods that can freely rotate on the hinge -
spherical connection. Each double arm is connected to the
upper arm also through a spherical joint in such a way that
its upper side always remains perpendicular to its arm and
parallel to the plane of the upper base. The combination of

20°

Figure 2. Scheme of a manipulator with lever-parallel kinematics.
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degrees of freedom of the hinge allows the lower moveable
platform of the manipulator to always remain parallel to the
upper base, where the welding torch will be placed.

The position of the lower platform determines the angle
of rotation of the upper arms by rotating Nema 23 stepper
drives with precise planetary gears.

To calculate the position of the moving part of the manip-
ulator, it is necessary to compare the angles of rotation of
the lever with required Cartesian coordinates in the XYZ
system. In other words, it is necessary to solve the inverse
problem of kinematics. In the second task, the angles of the
levers 6, 6, and & are known (Fig. 2) and it is necessary to
find the current XYZ position of the welding torch in order
to move it to a given distance. This is a direct kinematic
problem.

The design of the delta manipulator implies that each lever
can rotate only in one plane, while describing a circle with
radius, if centred at the point of fixation to the engine. The
lower arms use spherical joints, and each arm is free to rotate
around a sphere centred on the attachment point to the lower
platform. Therefore, the coordinates of the platform and the
angle of rotation of the lever are easily calculated from the
laws of trigonometry and the intersection of spherical co-
ordinates.

Taking into account the need for a large amount of
mathematical transformations to ensure the synchronism of
movement of each rotation drive, the project uses a micro-
controller based on a 32-bit LPC1768 processor. That has
provided smooth running and high speed with accelerated
movements of the manipulator.

A three-dimensional model prepared in stl format was
divided into sections using 3D printing software with plastic,
and for each section a programme contour is prepared using
linear interpolation with a minimum step even in radius
sections. This subsequently made it possible to ensure the
uniformity of movement of the burner in curved sections.

According to the above conditions, a software and hard-
ware complex is developed and manufactured, which makes
it possible to manufacture complex body parts with various
configurations and wall thicknesses by layer-by-layer sur-
facing of a metal wire in a shielding gas environment.

In this work, a welding wire of diameter 0.8 mm of the
following chemical composition is used as deposited mate-
rial: carbon 0.05-0.11 %, silicon 0.7-0.95 %, manganese 1.8-
2.1 %, nickel up to 0.25 %, chromium up to 0.2 %, nitrogen
up to 0.01 %, sulphur up to 0.025 %, phosphorus up to
0.03 %. Surfacing took place on a substrate with a size of
50x50x5 mm of the following chemical composition: carbon
0.38-0.49 %, silicon 0.15-0.3 %, manganese 0.5-0.8 %,
nickel up to 0.3 %, chromium up to 0.3 %, copper up to
0.3 %, nitrogen up to 0.008 %, sulphur up to 0.025 %,
phosphorus up to 0.03 %. Surfacing was carried out using a
FUBAG IRMIG 200 SYN power source. Products were
formed in the following modes: current strength 70-80 A,
voltage 18-20 V, deposition rate 100 mm/min. All these
parameters are chosen depending on the configuration and
wall thickness of the deposited product. Carbon dioxide is
used as a protective gas. The creation of a computer 3D
model took place in the Compass-3D software systems.
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To study the microstructure, the sample was divided into
four zones of equal size (Fig. 3). Next, templates 2.5 mm
thick were made. The templates were cut according to the
scheme shown in Fig. 3 by electric spark cutting on a Delta-
Test Arta 151 machine.

Thin sections were made on the templates. In the manu-
facture of sections, mechanical grinding, mechanical polish-
ing with ASM 10/7 NVL diamond paste, and chemical
etching in a 4 % alcoholic solution of nitric acid were used.
The structure was studied by optical metallography on a
Neophot-21 microscope with images recorded using a
Genius VileaCam digital camera. Microhardness was deter-
mined on a microhardness tester (diamond tips indentation)
in zones shown in Fig. 3. The load on the indenter is 1 N
(100 g). The number of measurements per point is three. The
assessment of the chemical composition was carried out in
zones shown in Fig. 3 by method of atomic emission spec-
tral analysis using an optical emission spectrometer DFS -
500.

2

1
I |

Figure 3. Sample preparation scheme for structure studies.

The developed software and hardware complex (Fig. 4)
includes two main components:
- algorithms and a computer programme for calculating a
complex trajectory of movement of the executing body and
generating a control programme for a three-coordinate CNC
system designed for layer-by-layer surfacing of metal wire,
taking into account the geometric parameters of the product;
- an electronic-mechanical complex equipped with a CNC
system that allows torch movement along a given complex

Figure 4. Hardware and software system: 1-frame, 2-table, 3-weld-
ing torch, 4-welding torch holder, 5-guide, 6-lever, 7-stepper motor
with gearbox, 8-limit switch, 9-control unit, 10-touch screen.
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trajectory and obtains a wall of the deposited product of the
required thickness and configuration by melting an all-metal
welding wire in a shielding gas environment.

Development of modes for multilayer metal surfacing
with the help of developed software and hardware complex
consists in conducting experimental studies of the process
of formation of deposited layers in a shielding gas environ-
ment with a consumable electrode. The developed mathe-
matical model makes it possible to establish operating ranges
of modes and identify the best ratios of parameters for the
formation of stable high-quality layers of the resulting part.
Accumulated data will form the basis of the regime features
of the software and hardware complex.

Formation of a complex torch trajectory consists in filling
the deposited layer using a given strategy for filling the
volume with molten metal. Initial data for the formation of
the trajectory is wall thickness b (Fig. 5), the step of form-
ing trajectory element h (Fig. 5), angle of deviation from
rectilinear motion, radius r (Fig.5). Parameters h and r
depend on the parameter b. The results obtained during the
work on the software module make it possible to use algo-
rithms for the formation of a complex multilayer torch
trajectory for layer-by-layer surfacing of the walls of body
parts with a welding wire. To obtain a product with a wall
thickness of up to 5 mm, a rectilinear welding torch move-
ment is sufficient. For wall thicknesses greater than 5 mm,
one of the filling strategies shown in Fig. 5 must be used.

b b b
- =

e

/
Figure 5. Metal volume filling strategy options.

A series of experiments was carried out using the manu-
factured software and hardware complex and a mathematical
model was compiled that describes dependences of input,
output, and variable parameters, such as: current strength,
voltage, surfacing speed, wire feed speed, taking into account
the chosen strategy for filling the thickness of the deposited
wall. Based on the statistical processing of research results,
an objective function is obtained in the form of an equation
in which optimisation criteria are determined from the point
of view of qualitative characteristics of the obtained surfaces.
The data obtained on the basis of the mathematical model
are used for algorithms in the formation of torch trajectory
during surfacing, which ultimately will make it possible to
obtain body products by method of layer-by-layer metal
surfacing from all-metal welding wire with required wall
thickness.

Using the software module, the modes for layer-by-layer
surfacing (current, voltage, surfacing speed, wire feed speed,
etc.) and torch movement modes (travel step, movement
trajectory, movement speed, etc.) are calculated depending
on the required thickness and geometric configuration of
the body part wall.

Work on the software and hardware complex can be
divided into several main stages:
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1- Creation of a computer 3D model of the manufactured
product using CAD systems (Fig. 6). Parallelepiped with a
wall thickness of 4 mm.

Figure 6. 3D sample model.

After construction, the model is divided into layers
depending on the required value of the deposited layer (Fig.
7). In this case, 20 layers 4 mm wide, 2 mm high.

Figure 7. Displaying layers on 3D models.

When building a model, the wall thickness is taken with
an allowance of 1-2 mm for subsequent machining of the
product.

2- The creation of a G-code for one section is implemented
using specialized Planet CNC software. One section of the
product is saved in dxf format. The dxf file is opened in the
CNC USB Controller programme to generate the G-code.
The G-code includes all necessary data for surfacing a metal
product according to the developed model: the origin of co-
ordinates (the point at which surfacing begins). It is possi-
ble to programme several options for surfacing: (all layers
begin to grow from the same place (Fig. 8a), in this case it
is necessary to take into account that at the end of the sur-
facing of the layer, the welding arc must still burn for 1-2 s
in order to avoid formation of a crater during the attenua-
tion of the welding arc; each layer begins to build up with
an offset from the start of welding of the previous layer by
2-3mm (Fig. 8b); each layer starts to build up from a pro-
grammed point (Fig. 8c) /73/. The second and third options
are the most optimal for electric arc surfacing, because they
allow to avoid formation of a crater during the attenuation
of the welding arc and increase the cooling time of the
product between deposited layers), the step, speed and trajec-
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tory of the torch, the amount of a single torch rise after each
deposited layer, the number of layers. All these parameters
are set depending on the configuration and wall thickness of
the deposited product. The file with the G-code is saved in
a text format and then opened in specialized Grbl Controller
software for surfacing.

a) b) c)

Figure 8. Scheme of the trajectory of layer surfacing (arrows show
the beginning of surfacing of each layer).

3- Layer-by-layer formation of products occurs on the sub-
strate. The substrate is placed on a fixed table. The welding
torch, which provides precise positioning and movement
along X, Y, Z coordinates, is set using Grbl Controller soft-
ware to the zero point (the point at which surfacing begins).
The distance from end of electrode wire to substrate is 6 mm.
Torch movement speed is in X, Y coordinates. The move-
ment speed and amount of one-time movement of the weld-
ing torch in Z coordinate is set using CNC USB Controller
software. The ‘start” button is pressed, the welding wire starts
to feed, and the welding torch moves at a given speed in
accordance with the programme, the welding arc ignites. The
substrate begins to melt, forming a liquid molten mass of
shallow depth. The wire is fed at a predetermined speed into
the melting zone and partially melts, forming a layer. After
the first layer is deposited, the welding arc goes out, the torch
moves along the Z coordinate by 3 mm and to the next pro-
grammed point along XY coordinates, the process is
repeated. After all layers have been deposited, the welding
torch stops, and the welding arc goes out. In this work,
surfacing is carried out along the trajectory shown in Fig.
8c. The height and width of the layer depends on the speed
of the welding torch, deposition modes, and the diameter of
the welding wire. The image of the product obtained by this
method is shown in Fig. 9.

Figure 9. Metl structure in the form of a parallelepiped with wall
thickness of 4 mm and height of 40 mm.
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4- Calculation of modes for layer-by-layer surfacing (current,
voltage, surfacing speed, wire feed speed). These parameters
are calculated depending on the configuration and wall thick-
ness of the deposited product. Properly selected surfacing
modes will ensure uniform physical and mechanical proper-
ties of the material throughout the entire volume of the part.
5- Machining of a metal product occurs depending on the
requirements for the product.

Microstructural studies are carried out on a product con-
sisting of twenty layers. The scheme of sample preparation
for the study of the structure is shown in Fig. 3.

Analysis of the results of metallography show that each
of the deposited layers has a structure with different grain
size and morphology.

Zone 4, deposited last and directly adjoining the free
surface, has a cast metal structure consisting of misoriented
strongly branching dendrites (Fig. 10). Influence of welding

Figure 10. Zone 4 structure.
Figure 11 shows that all previously deposited zones 3, 2,
1 have a polyhedral recrystallized fine-grained ferrite-pearlite
structure. In zone 3 (Fig. 11a), the size of ferrite grain corre-
sponds to grain grade 9 and is 16.4 + 8.7 um. Pearlite content
corresponds to the chemical composition of deposited wire.
In the underlying zone 2 (Fig. 11b), where recrystallization
occurs twice, the size of the ferrite grain corresponds to a
grain score of 10 and is 12.7 £ 6.6 um. In terms of phase
composition, the structure also corresponds to the deposited
wire. The grain is even finer in zone 1 (Fig. 11c), where
there was a partial mixing of molten metal of the deposited
wire and substrate metal. Therefore, in zone 1, the pearlite
content is higher than in weld metal, but less than it should
be in the base metal. In this layer, the size of ferrite grain
corresponds to grain grade 11 and is 7.3 £ 3.7 um.

ﬂwﬂlzu "oy 1
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recrystallization: a) zone 3; b) zone 2; ¢) zone 1.

Thus, the deposited metal has a gradient structure with
an exponentially increasing grain size as it moves away from
the substrate. The gradient structure is due to the change in
heat removal conditions as the surfacing progresses. Near the
free surface (zone 4), heat removal is less; therefore, crystal-
lization proceeds according to the mechanism of formation
of relatively short, highly branched and non-dominantly
oriented dendrites. In the rest of the deposited metal, a typi-
cal polyhedral recrystallized fine-grained ferrite-pearlite
structure occurs. According to generally accepted concepts
174/, the less the dendritic structure is manifested and the
less coarse the dendrite structure is, the better are the
mechanical properties of the deposited metal. Due to the
fact that there is a change in phase composition by a decrease
in pearlite component in the structure and an increase in the
ferrite component from zone 1 to zone 4, a regular decrease
in microhardness is observed (Fig. 12).

1800
1700

1600

H, MPa

1500
1400

1300

5

0 4 6 8 10 12 14 h(mm)

Figure 12. Layer-by-layer change of microhardness in surfacing;
points on the graph correspond to zones 1-4.
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These data do not contradict the assessment of the chem-
ical composition of the deposited metal. The obtained results
are shown in Fig. 13. In zone 1, the metal of the deposited
wire and substrate metal are mixed, and the percentage of
chemical elements in zones 2, 3, and 4 is almost identical to
the metal of the deposited wire.

SIJT /W
v 3 3
e TR S A N |

Amount of elements, %

Zone 7 Zone 2 Zone 3 20 4
Figure 13. Chemical composition of elements in zones 1-4.

Increasing the percentage of manganese and silicon in the
weld body (weld metal: Mn 0.5-1.35 %, Si 0.25-0.75 %)
relative to the base metal (base metal: Mn 0.5-0.8 %, Si 0.15-
0.3 %) is due to the fact that these elements are transferred
from the weld metal (surfacing metal: Mn 1.8-2.1 %, Si 0.7-
0.95 %). The presence of manganese in the deposited wire
helps to reduce the burnout of silicon and, conversely, the
presence of silicon in the weld wire helps to reduce the burn-
out of manganese. The higher the content of silicon and
manganese in the deposited wire, the lower their burnout.
Despite the lower chemical affinity for oxygen, manganese
burns out more than silicon, /75/.

This confirms that the percentage ratio of chemical ele-
ments in the weld metal is almost identical to the metal of
the deposited wire. The increased percentage of carbon in
zone 1 (C 0.2 %) compared to the weld metal (weld metal:
C 0.05-0.11 %) is due to the fact that it passes into the weld
pool from the substrate metal. The decrease in percentage
of carbon in zone 2 (C 0.15 %) compared to zone 1 (C
0.2 %) indicates that there is no transfer of carbon from the
substrate metal. The percentage of carbon in zones 3-4 (C
0.1 %) corresponds to the percentage of carbon in the weld
metal (weld metal: C 0.05-0.11 %). This is due to the fact
that there is no carbon burnout due to low welding mode
parameters (current 70-80 A, voltage 18-20 V). Chrome and
nickel are also present in the deposited metal, but their per-
centage ratio is minimal up to 0.1 %.

CONCLUSIONS

Designed, developed and manufactured hardware-soft-
ware complex delta layout allows to obtain metal products of
complex shape in automatic mode by means of electric arc
layer-by-layer surfacing due to melting of the welding wire.

It has been determined that in the case of arc layer-by-
layer surfacing, the walls of products have a gradient struc-
ture. Only the last deposited layer has a dendritic structure.
The underlying layers are subjected to secondary heat treat-
ment due to the heat release of the upper layer.

The decrease in microhardness from zone 1 to zone 4 is
due to a decrease in the ratio of the pearlite component in
the structure and an increase in the ferrite component.
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The increase in the percentage ratio of manganese and
silicon in the deposited product relative to the substrate
metal is due to the fact that these elements are transferred
from the deposited metal. The increased percentage of carbon
in zone 1 compared to the deposited metal is due to the fact
that it passes into the weld pool from the substrate metal.
The decrease in percentage of carbon in zone 2 compared to
zone 1 (C 0.2 %) indicates that there is no transfer of carbon
from the substrate metal. The percentage of carbon in zones
3-4 corresponds to the percentage of carbon in the deposited
metal.
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