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Abstract. The paper deals with the issues of obtaining the minimum waviness of surfaces formed by additive processes of TIG welding.
1t is known that the geometric parameters of the melt bead, which form a reproducible workpiece layer by layer, are determined by
both the energy and kinematic characteristics of the process. In this case, the laying of the rollers occurs with optimal overlap, as a
result of which it is possible to achieve the maximum density of the model, however, with the simultaneous appearance of a certain
waviness due to thermodynamic phenomena in the melt bath. The proposed model of the formation of a bead of melt, the use of which
made it possible to establish the rational conditions for laying out the layers. Experimental studies of the process of argon-arc surfacing
of models of a given, regression equations for determining the controlled waviness parameter are obtained.

1t is shown that the waviness parameter is influenced by dynamic phenomena and wave processes that develop under the action of a
system of forces during the formation of a melt bead. An improvement in the quality of products is seen in the optimization of the
methods of forming the rollers, in ensuring the dynamic stability of the movement of the working head, ensuring the appropriate overlap
of the trajectories of movement along the layers of the layout by an amount of 0.5e, establishing a rational arc length, and maintaining
the dynamic stability of the arc burning.

The response surfaces of the objective functions in the planes of the process parameters are constructed, which provide a clear illus-
tration of the dependence of the controlled geometric parameters on the welding modes.

Keywords: TIG welding, additive processes, quality, shape accuracy, surface layer.

Introduction
Actuality
The development of additive technologies based on

the use of electric arc and wire (WAAM), known as the
method of direct energy deposition (DED-arc), due to the
need to increase the efficiency of production of engineer-
ing structures. Ability to produce blanks similar in shape to
the finished product without involving complex additional
tools, molds and forging equipment provides high potential
for significant reduction of costs and time for technological
preparation of production, increase the efficiency of mate-
rials (by reducing its conversion in shavings at the subse-
quent machining) and reduction of expenses for material
stocks at production in small parties to order.
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First patented in 1920 [1], WAAM is the oldest and
simplest process for the production of additives (AM)
(known as 3D printing). Using wire as a raw material, the
main process is used for local repair of damaged or worn
parts [2, 3], as well as for the restoration and repair of
large parts and pressure vessels in recent decades [4]. The
advent of appropriate software for automated design and
manufacture (CAD / CAM) has made AM more common
and applicable [5], outlined new horizons and directions
for the development of such processes. WAAM is one of
the most promising among them. With a resolution of ap-
proximately 1.0 mm and a deposition rate of 1 to
10 kg / h (depending on the arc source, [6, 7]), the WAAM
process has taken a niche as an additional, procurement;
however, under certain circumstances, it can be high-pre-
cision [8], when using a laser that reproduces the work-
piece in a protective gas environment [9] or vacuum [10].
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Another variety is electron beam systems [11]. The latter
processes are slower [12], especially in comparison with
less accurate systems of multi-arc plasma structures [13].

WAAM manipulation systems are mostly of one of
two types: robotic manipulators or machine tools. For to-
day, some commercial machines and robotic WAAM sys-
tems are available, which are the market leaders in inte-
grated systems and include some very powerful manipula-
tion systems and CAD / CAM software: this, in particular,
[14], [15]. However, almost any three-coordinate manipu-
lator or arm robot and arc welding source can be combined
to create an entry-level WAAM system, as shown in [16].

The market also offers different types of power sup-
plies and to some extent the material used will determine the
chosen process of arc deposition. For example, titanium al-
loys are typically applied with a more stable arc transmitted
by a fusible electrode process (TIG process) or plasma,
while most other materials are deposited by a MIG / MAG
process (melting in a shielding gas medium).

The new range of low-heat MIG / MAG systems is
particularly suitable for WAAM. In fig. 1 shows one of the
systems used for WAAM in TWI [17]; It is the industry
standard for robotic welding equipment, which is also used
for AM projects. Adaptation of AM for this system in-
cludes modification of the turntable for constant controlled
rotation, modified control software, increased thermal con-
trol and wear-resistant parts in the power supply, which al-
low to ensure long-term operation of the arc [18].

Fig. 1. WAAM operating system (for [17])

One more interesting offer is an inexpensive
printer for the WAAM process, built on the basis of a
multi-link FDM printer system, but with mirrored work-
ing rods [19], Fig. 2.

Fig. 2.
implement the WAAM process

Inexpensive 3-D printer to

Machine-based systems, where deposition equip-
ment has been integrated, have additional potential [20],
which allows to combine AM processes and cutting pro-
cesses (SM) in layers, allowing to create and implement
functions that have no analogues. AM / SM hybrid ma-
chines based on laser powder prototyping are available
[21]. The development of hybrid WAAM / SM systems is
still ongoing, so we are currently preparing to introduce
new equipment concepts on the market [22]. WAAM has
significant potential to reduce costs and lead times for me-
dium and large engineering components of medium com-
plexity. Parametric and functional design of WAAM can
provide some topological optimization, and the choice of
wire allows you to perform additional optimization of ma-
terial and multicomponent alloys, maximally adapting
them to special operating conditions, realizing the synergy
of actions when creating a finished part [23]. If AM is com-
bined with a processing platform, it becomes possible to
create some otherwise impossible elements and details
[24]. Thus, the theory of functional approach to processing
technologies, covered in [24, 25], is further developed.

WAAM is not currently a fully automated process;
until fully operational commercial AMCAD / CAM soft-
ware becomes available, the part model is refined practi-
cally manually, and, of course, certain operator skills are
required. The resulting surface (ripple) WAAM requires
cutting to achieve geometric requirements and the appro-
priate quality of the surface layer. However, the volume of
material, that can be removed can only be 1 mm; it does
not increase with the size of the part, so the efficiency of
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Fig. 3. Principles and scheme of additive production using additive material by means of high-energy heating:
a — with jet transfer of metal; b — with drip transfer; in — mode with insufficient to complete melting of energy;
1 — source of high-energy heating (electronic gun, laser, electric arc); 2 — high-energy column; 3 — feed mechanism;
4 — additive material; 5 — direction of supply; 6 — molded product; 7 — direction of movement of the product; 8 —

formed array of parts (according to [27])

the material actually increases with increasing parts. An-
other problem is a certain emptiness of the structure, inher-
ent in all AM processes, the reduction of which requires
additional efforts to algorithmize the process of moving the
working head [26]. That is why the most appropriate use of
WAAM in the aerospace industry, where the ability to
manufacture large metal parts from light materials (in par-
ticular, titanium alloys) is the main advantage of the
WAAM method.

Therefore, the problem of identifying ways and
methods to improve the quality of reproduction of WAAM
workpieces by the process, in particular, reducing the wav-
iness, reducing the hollowness of the finished product, is
really actual and relevant today.

Purpose: to identify conditions and reduce the rip-
ple of the surface layer during the reproduction of work-
pieces by WAAM.

Research materials. Additive processes using the
phenomena of metal melting by an external heat source
(electric arc, electron beam, laser) are based on the princi-
ples of forming a surface globule caused by melting a drop
of metal flowing from the electrode or formed by introduc-
ing additive metal into the thermal zone. This is noted, in
particular, in [27], and shown in Fig. 3. If the system is
given working movements, the globules of the filler metal
will form a roller, the size of which will be determined by
a number of parameters and technological factors. Since
the reproduction of a given three-dimensional object, its
generation occurs in layers, by creating bands lying in one
plane, ensuring product quality, its density, as well as the
parameters of the surface layer (including surface wavi-
ness) is seen in such a calculation of metal, which is formed
by globules the roller will have the correct geometric
shape, and the roller of the next layer should fill the gap
between the rollers of the previous layer as completely as
possible.

On the one hand, in WAAM the formation of glob-
ules occurs almost continuously, with constant remelting,
because the electric arc forms a high-temperature zone of
influence. This phenomenon is negative for 3-d prototyp-
ing, because it is impossible to achieve high accuracy of
products. On the other hand, the combustion of the arc and
the active melting of not only the filler material, but also
the basis for laying, requires consideration of hydrody-
namic phenomena in the melt bath, under the action of
which the profile of the laid roller is formed.

We assume that the melting of the filler material is
blown simultaneously with the heating of the working area
by an electric arc, Fig. 4. In this case, according to [26], it
is advisable to maintain the arc with direct current, with
direct polarity (with a cathode spot at the end of the elec-
trode and the expected temperature up to 3200 ‘C), which
allows to form a more compact thermal effect on the sur-
face and get smaller melt droplets.

Due to the action of an electric arc, the balance of forces
in the melt zone can be represented according to [23], Fig. 3.

The welding bath is formed due to the influence of
the arc, the action of drops of molten metal vapors and re-
action forces. There is a movement of liquid metal in the
melting zone, to which drops of molten electrode are intro-
duced. During melting of metals by an electron beam, the
motion is observed from the front wall of the bath along
the seam, with partial evaporation of the metal and with the
maintenance of thermocapillary forces. According to [22],
these forces are a consequence of the difference in surface
tension forces, which are caused by the temperature gradi-
ent between the melt and solidification zone.

The movement of liquid metal in the region of the
arc passage occurs around the zone of influence (perpen-
dicular to the axis of the electrode) in the direction from
the melting zone and in the direction of the arc-counter-
clockwise [28]. Thermocapillary convection due to the tem-
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Fig. 4. Power balance of the melt bath:
Fr — force acting on the front of the melt;
F.: — displacement force of the liquid metal;
Fr— tangential forces in the melt bath due to
the movement of the electrode; Fy — force of
an electric arc; Fj, — surface tension forces

during solidification of liquid metal;
F — tangential surface forces, which affect
the metal melting

perature gradient is known as the Maragoni effect [19].

According to the testimony [27], waves phenomena,
which occur in the melt zone due to the action of the forces
of the melt zone and temperature effects at the time of arc
combustion.

The formation of the surfacing roller as a fragment
of the 3-d model will occur in accordance with Figs. 5, if
the linear movement will be used, 5, b — rotating will be
exist.

If the intensity of a point heat source (electric arc)

obeys Gauss's law with its own intensity

I(w)=1 exp(—w2 / wé), where I; — the intensity of the

heat on the axis of the electric arc , w — flowing radius;
wg— the radius at which the radiation intensity decreases e
times, the considerations will be as follows.

The known equation of non-uniform heating has the
form [26]

or _ [dr o1 1
ot o’ ayz 3z2

E)

boundary conditions on the surface from the action of the

dz
the density of heat from the supplied energy, k — thermal
conductivity of the material; z-axis is perpendicular to the
surface and directed to the depth of the material. For a sta-
tionary system, the heat distribution will be:
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Fig. 5. Scheme of formation of the surfacing
roller (a) and the process of model reproduction
in the study (b)

the material of the workpiece; # — current time; P — electric
arc power.

The temperature on the surface of a semi-infinite
body at a point with coordinates (x, y, z), provided the heat
source, moves with velocity v, as well as ignoring heat loss
from the surface will be:

- 167 1
T=_J' X
70 \/(c'2+12)(b'2 +?2)
25772 +1_)’r) R
Xexp| — -y .z dr,
4(?%72) b2 +7% 72
where T =1677KrT / PAy; V=0, /2a;
—_X = _ V. =_Z,
r’ r, r’
-, ¢ = b
=—; b =—; r? = cb;
r r

Ao — scattering capacity of the workpiece; P —heat source
power; b, ¢ — parameters of energy density distribution in
the cross section of thermal influence. The change in tem-
perature will be determined by the ratio:
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X, y, z - coordinates; ¢ — time; 7 — heat transfer coefficient

from the surface of the workpiece; & — thermal conductiv-

ity; A and B — larger and smaller axes of the heating area.
The depth of heating 8 determine the equation

o 2 t—
T(t) = Tmax _q17|:ﬁ¥+

+exp[a(t;1‘)}erfc{1/a(t—r)j]
S o

The energy balance, taking into account the melt of
the material and its partial evaporation, will take the form

P(t)dt=p-Lyz-7> (t)dh+p-Ly, -27-7(¢)h(t)dr

where the first term is the energy expended on evaporation
and the second is the energy expended on melting. Then
the heat distribution with a fixed electrode corresponds to
Fig. 6, a, and the seam profile — Fig. 6, b.

The dynamics of the movement of the working body

along the teaching surface was modeled by known relations

that describe the behavior of a mechanical system with
concentrated masses on elastic-elastic bonds.

Mathematical modeling of the surfacing process al-
lowed us to conclude that in addition to the feed factor of
the filler metal (expressed through the speed of the wire
vin), the parameters of the roller are influenced by electrical
characteristics of the arc, in particular, current /, surface
conditions (v¢); the wavyness of the seam Y, X=Hmax-Fmin,
mm, is also determined by the surface where the material
is laid. Thus, when laid out on a flat base, the undulation %
is formed due to the manifestation of dynamic phenomena
of the supply system, as well as the pulsating action of the
electric arc, Fig. 6, b; in the future, the base, which already
has a non-planarity, leads to an increase in undulation and
under certain conditions can cause a violation of the com-
bustion of the arc. This requires additional study of the phe-
nomena of arc combustion in conditions where the base is
not flat, but has the initial spatial deviations; The variant of
teaching also has essential value on geometrical parameters
of the platen, fig. 5, b.

Used equipment. To establish the patterns of for-
mation of the surfacing roller in the process of reproducing
a given 3-d model used a manipulation system of the ma-
chine model 6R13F3 with CNC system NC210 and the elec-
tric arc was created using a power supply Fronius Magicwave
3000, which allowed at a voltage U= 10,1-22 V to provide a
current /= 155-215 A. As an additive used wire & 3,0 mm
Titanium Grade 5; he electrode was set at the optimal dis-
tance from the surface L '=3—7 mm, its diameter J 2,5 mm.
Shielding gas-argon.

Discussion of the obtained results. To obtain the
regression dependences that determine the shape of the
seam, as well as to predict the accuracy parameters of the
additive product, denote its geometric characteristics, re-
spectively, Fig. 5, a: e — width of the weld, & — height,
g — depth of penetration. Deterministic-statistical models
of seam shape for mechanized welding in shielding gases

b

Fig. 6. Diagram of heating the surface with a stationary heat source (@) and the formation of the surfacing roller

when laying on a flat base (b)
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with fusible filler wire for the case of fig. 5, a) namely un-
der the condition of a linear flat seam according to [27]
have the form:

1,465 ;0,92
v dy)

V1’9de°’0781 0,12 Lg,OS

Ja 0,584L 2,433 v 9\;095dv(3,010 .

e= ; 3)
08324 0782

I O,659V 9\3247 dVS’OZ
g= ;

V0,85 1d62’587L9;415

where v, — wire feed speed, mm/s; d,, — diameter of the
filler wire, mm, v — arc speed, mm/min; d, — electrode di-
ameter, mm; / — amperage, A; L, — arc length, mm.

Analysis of the obtained models in the form of static
expressions of regression equations shows that they reflect
the deterministic dependences of the weld size on the main
modes of argon arc welding and do not contradict the ex-
isting notion of weld formation. However, to teach the cir-
cular seam and reproduce the three-dimensional model, it
is necessary to adjust the corresponding coefficients; in ad-
dition, the corresponding models in the first stage can be in
the form of linear functions; in addition to relations (3),
there must be another equation that takes into account the
wavy surface of the seam y So,

h=f(Vy, dy ,V I ,de,La)
e=f(Vy, dy ,V .1 ,de,Lo)
g=f(Vy, dy,V I ,de,La)
x=f(Vy, dy ,V T de Ly

When planning the required number of experiments
for the response function — by planning a multifactorial ex-
periment of type 2* by the Box-Wilson method, it is neces-
sary to make a regression equation. In the study of the pro-
cess of forming the seam took into account the influence of
the following parameters of the welding mode: / — welding
current strength; U — arc voltage; L, — arc length (L, =L, +
+ fa, where f;— exciting effects along the length of the arc
caused by the characteristics of the surfacing surface); V' —
welding speed; V,, — the feed rate of the filler wire; d.— the
diameter of the tungsten electrode; d,,— wire diameter, mm.
When choosing the ranges of variation of the factors of
functions provided by the experimental plan, the results of
modeling the heating process and the possibility of repro-
ducing such levels in practice were taken into account, [27].

It was assumed that for the equipment used d. and d,,
were selected according to the recommendations [1], and
d.= 2,5 mm, Ta d,= 3 mm, and the arc voltage was pro-
vided by the adopted inverter model Fronius MagicWave
3000, U = 10.1-22 V. The values of the factors taken into
account are given in table. 1. To conduct planning on the

Table 1. Levels of factors and intervals of variation

Marking Levels of change of
Factors factors
-1 +1
X1 — amperage, A 1 155 215
Xz — arc length, mm Lg 3 7
X3 — welding speed, vV 2,78 472
mm/sec
X4 — wire feed Vw 6 9
speed, mm/sec
Table 2. Experiment planning matrix
Ne .Of Xi X2 X3 X4
experiment
1 - + - +
2 - - + +
3 + - - -
4 + - + -
5 - + - -
6 - - - +
7 - + + -
8 - - - -
9 - + + +
10 + + + +
11 + - - +
12 + + - +
13 + - + +
14 + + - -
15 - - + -
16 + + + -

basis of a full-factor experiment of type 2* a matrix of ex-
periment planning was compiled, which is given in table 2
[6]. As a result of plans realization of experiment the re-
gression equations allowing to estimate influence of the
factors, which were taken into account on effective param-
eters 4, e, g, ¥ are received.

From the Pareto diagram it is seen that the greatest
influence on the height of the welded roller / has the speed
v, the wire feed speed and the total effect of these two fac-
tors. With increasing speed v the height of the weld will
decrease, and with increasing wire feed speed v, — increase.
Increasing the current /, the length of the arc L, leads to a
slight decrease in the height of the seam, table. 3.

The width of the weld roller is influenced by three
factors: the length of the arc L., the speed v and the current
1. The greatest influence is the length of the arc and the
speed of movement. From the Pareto diagram shown in
table 3, it is seen that the greatest influence on the depth of
the melt of the roller have the length of the arc, velocity
and current. With increasing arc length and velocity, the
depth of penetration of the weld decreases, and with in-
creasing current-increases.



Mech. Adv. Technol. Vol. 5, No. 1, 2021

109

Table 3. The results of statistical processing of experimental data

Pareto diagram of the degree of .
Pi g. & The main effects of factors X; Response surface
influence
‘Standardized Pareto Chart for h Main Effects Plot for h Estimated Response Surface
36 = Current=185,0,Arc length=5,0
o B = /A .
h, s ) \ /A R
mm x \ / ;
BD 2 \ /,’ - 1 .
A \ 0 385
AB | | 16 \ - 2, 7 75
0 € 100 o st 20 €D curent Arc length veloety Wire feed velosity ' ::omy ¥ ou e ot oy
h=-2,59376 —0,0410349-L, + 0,365082-V + 1,48785 Vv — 0,259977-V Vs
Standardized Pareto Chart for e Main Effects Plot for e Estimated Response Surface
13 Current=185,0,Wire feed velosity=7,5
C:V-lo:‘y 10,3 /
e, D:Wire feed v.lo:: = o 93 / / B
a8 D:’ — . 14 R
mm ac 83 /,V/ / s
5
w | 73 5" 3338
0 0 0 20 150 Current Velocity 4 B 6 7 27° Velocity
Standardized effect Arc length Wire feed velosity Arc length
e=1,03241 + 0,0367745-1+ 0,940488- L. + 0,296303 -V
‘Standardized Pareto Chart for g Main Effects Plot for g Estimated Response Surface
Current=185,0,Wire feed velosity=7,5
Brlonghn =M 1
Dilie feed velosity | [ | \
& w | [ < onl \ \ i
[ : \ \ /
mm - = \ -
e | [l 087 - \ -
) \ \
o | 0,77 |- ) \ -
0 20 40 60 80 100 120 Current Velocity
Standardized effect Arc length Wire feed velosity Arc length
2=0,688702 + 0,0068816-1 —0,0763948-L, — 0,12007- ¥ + 0,0506604- Vs,
maximum values of %, mm, acquires at
0,4 T .
Changing the the initial moment of time (when the
0,35 i H . . . .
direction of 4 y=0,0005¢+0,2614 arc is ignited) and when the arc is
R?=0,0016 . . .
£ ” ° . turned off. Significant perturbation can
g 025 e g $ s be considered a change in the conditions
02 v=0005x+0.1996 of movement of the head: so when you
015 : change the direction of movement asso-
6 7 8 9 10 11 12 13 14 15 16 . . . .
ve, mm/s ciated with the formation of certain lay-
ers of the reproducible model, the ripple
0,4 . .
03 increases; a decrease in the parameter
£ 03 is observed at steady motion.
5025 P s . M1§r0e1ectron1c study of the
02 R?=06501 ° cross section of the seam proves that un-
0,15 .. .
2 3 4 s 6 7 8 9 der conditions of relatively low speeds
Id, mm

Fig. 7. Change of the parameter ), mm, depending on the speed of the head,
v mm/sec (@) and the length of the arc Lq (b).

The last line of table.3. shows the response surface
of the objective function-the depth of penetration of the
weld g, mm, and their two-dimensional cross sections in
the planes of the impact parameters, which can clearly il-
lustrate the dependence of this parameter g on individual

factors — I, L., V.

The level of undulation was rather weak from the
conditions of processing, see Fig. 7. It was found that the

of the head (up to 10-15 mm/sec) the
laying of rollers is quite dense
(Fig. 8, a, b). In this case, when shifting
the trajectories of the head (Fig. 5, b, op-
tion 2), the density is the highest, other-

wise the cavities are significant and close to the cavities
when laying plastic (Fig. 8, ¢). On the right microphoto (fig.
8, b) separate microcavities and defects of connection of lay-
ers are observed. These correspond to the results given in [28].

However, a comparison of interlayer and inter-roller
laying of materials by FDM-process and WAAM-process
proves that the density in the latter case is up to 97% of the
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1-bead, Y-Z plane 3-bead, Y-Z plane

c

Fig. 8. Comparison of end sections of model fragments obtained by surfacing (a), FDM-printing with plastic (b)
and additive technology xBeam 3D Metal Printing (c). Microphoto (b) — ULTEM 9085 plastic, element created on
the STRATAsys FORTUS 380 printer. Cavities and defects of the open end face are observed on the sections

density of the source material, while in WAAM the density
can reach 99.2%, Fig. 8, a.

Thus, it can be stated that improving the quality of
products obtained by processes based on argon-arc welding,
is seen in the optimization of methods of forming rollers, in
particular, providing appropriate overlap of trajectories on
the layers of teaching by 0.25e, establishing a rational arc
length, as well as maintaining the mode of dynamic con-
stancy of arc combustion. Further research should be aimed
at determining the patterns of solidification of the metal in
the melt bath, as well as to study the dynamic phenomena of
wave processes under the action of a system of forces during
the formation of the surfacing roller.

Conclusions

A set of theoretical and experimental studies aimed
at improving the quality of products created by the WAAM
process. It is shown that this process can be successfully
used for the manufacture of single workpieces for further
machining by traditional methods. Due to the application
of the multifactor experiment planning method, a regres-
sion equation is obtained, which allows to determine the

main parameters of the roller formed by argon-arc welding
from the main process parameters-arc length, current, head
speed and wire feed rate.

It was found that the height of the weld is most af-
fected by speed, wire feed speed and a combination of
these factors. The width of the weld is most influenced by
the length of the arc, speed and current, and these factors
have the greatest impact on the depth of penetration of the
weld. The influence of these factors on the undulation of
the roller surface is negligible; it is concluded that the pa-
rameter 7 results in dynamic phenomena of wave processes
that develop under the action of a system of forces during
the formation of the surfacing roller. Improving the quality
of products is seen in the optimization of methods of form-
ing rollers, ensuring dynamic constancy of the working
head, ensuring appropriate overlap of trajectories in the lay-
ers by 0.25¢, ensuring dynamic constancy of the working
head, establishing a rational arc length and maintaining dy-
namic combustion constancy arc.

The response surfaces of objective functions in the
planes of influence parameters are constructed, which allow
to visually illustrate the dependence of the controlled geo-
metrical parameters of the seam on individual influence pa-
rameters.
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It is shown that the improvement of product quality, providing appropriate overlap of trajectories on the layers

first of all, by reducing the surface roughness, is possible by 0.25¢, arc, as well as maintaining the mode of dynamic
by optimizing the methods of forming rollers, in particular,  constancy of arc combustion.
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HOKpameHHﬂ SAAKOCTI BHpOﬁiB, CTBOPCHUX AIMTUBHUMHU TEeXHOJIOTisIMH Ha
OCHOBI APrOHHO-AYIoBOI'0 3BaprOBaHHA

O. ®. Canenko, A. O. Kocrenko, 1. O. Llypkan, O. B. Camoiiienko, O. O. Uenuesa, B. T. llleTunin

Anomauia. B pobomi poszensioaromocs numants OMpuManis. MiHiMAIbHOT XUIACIMOCMI NOBEPXOHb, WO (OPMYIOMbCA AOOUMUBHUM
npoyecom ap2onno-0y208020 38aprosants. Bioomo, wo ceomempuuni napamempu 6anuxa posniagy, wo nouaposo Gopmye iomeo-
PI0BAHY 3A20MOBKY, U3HAYAIOMbCS K eHePLeMUUHUMU, MAK i KineMamuyHumMu Xxapakmepucmuxamu npoyecy. IIpu ypomy suxnadanms
6aUKIG 8I00YBAEMbCS 3 ONMUMATLHUM NEPEKPUMMAM, 3ABOAKU HOMY 80AEMbCA 00CAIMU MAKCUMATLHOL WitbHOCMI MOOei, OOHAK 3
00HOYACHUM BUHUKHEHHAM NEGHOT XGUNACMOCHI, 00YMOBNIEHOT MEPMOOUHAMINHUMU ABUWAMY Y BAHHI PO3NIABY. 3anponoHO6aHa Mo-
Oenb QopMysaHHA 6aTUKY HANIABY, 3A60AKU AKIU 6CIMAHOBNIEHO PAYIOHATbHI YMOSU euKiadanHs wapie. Hasederno excnepumenmanvhi
00CNIOACEHHSI NPOYECY AP2OHHO-0Y208020 8IOMEOPEHHs. MOOeell 3a0anoi hopmu, OmpumMano pezpecitini pieHsIHHs Ol GUSHAYEHHS
KOHMPONbOBAHO20 NAPAMEMPY XEUNACMOCHII.

Iloxazano, wo Ha napamemp X@UIACMOCMI UNIUBAIOMb OUHAMIUHI AUWA MA XEUTLOGI NpoYecu, SAKI PO36USAIOMbCa nid Jicio cu-
cmemu cun nio yac gopmyeanns eanuxy nanaasy. Ilokpawenns axocmi eupobie ebavacmocs ¢ onmumizayii cnocobie opmysanns
8AIUKIB, 3a0e3neYeHHAM OUHAMIYHOL cmanocmi pyxy pobouoi 20106Ku, 3a6e3neueHHAM 8i0N08IOH020 NePeKPUMM MPAEKMOpILl pyxy
no wapam euxknadants na eeauyuny 0,5e, 3a6e3neyenHam OUHAMIYHOT CIAIOCMI pyXy poOOYOi 20/106KU, BCINAHOBTIEHHAM PAYIOHATLHOT
008aHCUNU OYeU, A MAKOHC NIOMPUMAHHAM PedCUMY OUHAMIYHOI cmanocmi 20piuHa Oyeu

Ilobyoosano noeepxmi 8i02yKié Yinbosux QyHKYIl 6 NIOWUHAX RAPAMEMPIE 6NAUSY, SKI 00360AAI0MbCS HASISIOHO NPOLIIOCIMPYSAmu
3anedICHICMb KOHMPOTIbOSAHUX 2e0MEMPULHUX NAPAMEMPIE WA 6i0 OKPEeMUX NAPAMempie 6NiuGy

Kntouosi cnosa: apeonno-oyzoee 36apioanisi, aOumueHi npoyecu, AKicns, MoYHicmMs Qopmu, NOBepXHesUll wap.

Yaydumienne Ka4ecTBa U3/1eIHuil, MOJYyYeHHbIX AJIMTHBHBIMHU MPOLIECCAMH HA
OCHOBE apPrOHHO-1YI'0BO# CBapKHU

A. @. Caaenko, A. O. Kocrenko, /1. O. Ilypkan, O. B. Camoiinienko, O.0. Yenuena, B. T. llletunun

Annomayusn. B pabome paccmampusaiomes 60npocsl NOIYYEHUst MUHUMATbHOU GOJIHUCIOCU NOBEPXHOCMEN, opMUpyemoti aoou-
MUBHBIMU NPOYECCaM Ap2OHHO-0Y2060l céapku. Hzeecmno, umo 2eomempuieckue napamempsl 6aiuUKa pachiaéd, KOmopobiMu no-
CILOUHO hopMUPYemcsi OCAPOU3BOOUMASL 3A20MOBKA, ONPeOesLIOMCs KaK IHeP2emuyecKUMU, maxK u KUHEMAmu4ecKuMu Xapakmepu-
cmuxamu npoyecca. IIpu 2mom 6bIKIAOKA 8ANUKOE NPOUCXOOUN C ONMUMATIbHbIM NEPEKPbIMUeM, 6Cle0cmeue 4e2o yoaemcest 00Cmuyb
MAKCUMATLHOU NAOMHOCIU MOOENU, OOHAKO ¢ 0OHOBDEMEHHBIM 803HUKHOBEHUEM ONPEOeeHHOU 60THUCOCMU, 00YC08TIeHHOU mep-
MOOUHAMUYECKUMU AGTICHUSMU 8 8aiHe pacniasa. [Ipednodicennas Mooens (popmMuposanis 6aIuKa pacniasd, UCHOAb308aHUE KOMOPOU
N0380UN0 YCMAHOBUMb PAYUOHALbHBL YCI06US 8LIKIAOKU Cl0e6. [Ipusedenvl sKkcnepumeHmanbHvle UCCie008aHUS NPOYECCd APeOHHO-
0y20601 HANAGKU MOOeNel 3a0AHHOU POPMbL, NOTYUEHbI PE2PECCUOHHBLE YPAGHEHUSL 0TI ONPeOeNeHIUs KOHMPOIUPYEMO20 napamempa
BOJIHUCMOCTU.

Tokazarno, ymo Ha napamemp OIHUCIIOCMU GUSIOM OUHAMUYECKUE SGLEHUsL U BOTHOBbLE NPOYECCHl, KOMOPble PA36UBAIOMcsi Noo oeti-
cmeuem cucmemyl Cull npu PoOPMUPOSaHUY 6aIUKA PACNAABA. Yiyyuenue Kavecmea uzoenuil GUOUmMcs 6 ONMUMU3AyuU cnocobos gop-
MUPOBAHUSL BANUKOS, 8 0OecnedeHUl OUHAMUYECKOU YCMOUYUBOCTNU 08UMICEHUs padoyell 201068Ku, 0becheyeHuemM COOmeemcmayouezo
nepekpulmusi mpaekmopuil OBUINCEHUsL NO CNOAM GbIKAAOKU Ha geauyury 0,5e, ycmanoeieHuem payuoHaIbHol OuHbL Oy2U, a makdlice
Nn000ePICAHUEM PENHCUMA OUHAMUYECKOU YCMOUYUBOCTU 20PEHUsL OV2U.

Tlocmpoerno nosepxnocmu OMKIUKA Yeaesblx QyHKYuil 6 NIOCKOCHSX NAPAMenpos npoyeccd, Komopble 0aiom HA2ISLOHYI0 ULIIOCMpa-
YU 3a8UCUMOCIU KOHMPOTUPYEMBIX 2e0OMEeMPULECKUX NAPAMEMPOS O PENCUMOE CEAPKU

Knioueswie cnoga: apeonno-0y206as céapka, a0OUumugHsl npoyeccsl, Kawecmeo, Mo4HOCMb opmbl, NOBEPXHOCHIHYIN CLOU.
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