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This study investigates geometric dimen-
sions of the weld bead produced by gas metal
arc surfacing with a consumable electrode.
Standard surfacing is characterized by low
productivity because of the significant number
of runs and the need for machining tall beads.
Deep penetration causes a significant propor-
tion of the base metal in the surfaced layer and
inhomogeneity of the chemical composition.
Existing approaches to controlling the geom-
etry of the weld bead (pulsed arc modes, elec-
trode oscillations, electromagnetic arc control)
have a limited effect on the width or complicate
the design of the welding head.

This work considers gas metal arc surfac-
ing with controlled low-frequency oscillations
of the workpiece with a liquid weld pool. The
installation is built on an adjustable electric
drive with a stepper motor with a programma-
ble setting of the frequency and amplitude of
oscillations. These parameters, together with
energy parameters and speed, affect the geo-
metric dimensions of the weld bead and the
mechanical properties of the surfaced metal.

The width, height, and depth of the weld
bead penetration were determined from macro-
graphic cross-sections. A mathematical model
of bead geometry as a function of surfacing
parameters has been built by using experimen-
tal data regression analysis. The errors in pre-
dicting the width and height did not exceed
21.7% and 15%, respectively, thereby confirming
its practical applicability.

Controlled oscillations were found to in-
crease bead width by a factor of 1.5-2 and
reduce bead height by up to a factor of 6 com-
pared with vibration-free surfacing. This is
attributed to redistribution of thermal energy
and intensification of horizontal melt flows.
Changing the weld bead geometry increases
surfacing productivity and control accuracy.
The method is suitable for use in adaptive
welding systems
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1. Introduction

There is a large fleet of machines and mechanisms for
various purposes, in particular in mechanical engineering and
power equipment, the parts and assemblies of which, due to
the peculiarities of use, wear out and are subject to restoration
or initial processing and modification. This gives their working
surfaces certain characteristics, for example, strength, heat
resistance, certain frictional properties, etc. Modification and
restoration of the surfaces of assemblies and parts can be car-
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ried out in various ways but the most common among them
are techniques of gas metal arc surfacing with a consumable
electrode under automatic and semi-automatic modes [1].

The spread of the gas metal arc surfacing technique is
due to the relative simplicity of the process implementation,
the possibility of its implementation in almost all spatial po-
sitions, including with the use of semi-automatic machines.
In addition, this technique allows the use of a fairly wide
range of modes and electrode wires, solid cross-section and
powder, of various purposes for different steels and obtaining




a surfaced layer with the required characteristics. One should
also note the fairly high productivity of the surfacing process.

The gas metal arc surfacing process has some drawbacks.
Among them, it is necessary to note the unfavorable geomet-
ric characteristics of the surfaced beads — width, height, and
penetration depth, which are characteristic of the automatic
surfacing process under the most common modes (current,
voltage, process speed). The large height of the weld bead in
the surfaced layer leads to additional costs when providing
the surface with a working condition. The large penetration
depth affects the excessive mixing of the base metal and the
metal of the electrode wire, which causes a high proportion
of the base metal in the surfaced layer and the heterogeneity
of its chemical composition and properties. The width of the
surfaced bead practically characterizes the productivity of the
surfacing process. Its limitation under conventional modes
requires a significant number of runs to restore parts with
a large working surface, which increases the total thermal
effect on the part and the risk of its deformation.

There are several ways to control the geometry of the weld
bead. Pulsed arc welding with current modulation controls
the heat input and transfer of the electrode metal but practi-
cally does not change the width of the weld bead. Mechanical
oscillations of the electrode or torch across the seam increase
the width of the run but complicate the design of the weld-
ing head and limit access to hard-to-reach areas of the part.
Electromagnetic arc control affects the position of the arc
column but requires special equipment and is sensitive to the
magnetic properties of the base metal. Controlled oscillations
of the workpiece itself with a liquid welding pool directly af-
fect the hydrodynamics of the melt. The design of the welding
head does not change, and there are no restrictions on the
type of electrode wire or the arc burning mode.

Studies on bead formation at surfacing with controlled os-
cillations of the pool have a double practical value: the quality
of the seam formation and the productivity of the process are
simultaneously increased. Reducing the number of runs and
reducing the proportion of base metal in the surfaced layer
saves electrode wire and base metal, as well as reduces the
thermal effect on the part.

2. Literature review and problem statement

Review of technical literature, for example [2, 3], reveals
that the influence of liquid weld pool vibrations on the geo-
metric dimensions of surfaced beads remains insufficiently
studied. Most studies have been performed for high frequen-
cies (tens and hundreds of Hz). Most work focuses on the
microstructure and residual stresses, rather than on the weld
bead geometry. For processes with a consumable electrode in
CO,, there is almost no systematic data on the influence of
low-frequency controlled vibrations of the workpiece itself.
Among the techniques influencing the results of gas metal arc
surfacing with a consumable electrode, a mechanical effect on
the liquid weld pool stands out. It is achieved either by vibra-
tion of the pool or by its controlled oscillations. In both cases,
the structure of the surfaced metal, deformations and stresses
after welding or surfacing, and mechanical properties change.
In [2], the influence of local vibrations during welding of
structural steels on the microstructure and mechanical be-
havior of welded joints is experimentally investigated. It was
found that vibrations do not lead to noticeable changes in the
properties of the weld, and the reduction of residual stresses

is not associated with the vibration effect on the pool. The
studies were limited to the high-frequency vibration mode
of the structure as a whole, while the effect of low-frequency
controlled oscillations of the workpiece itself on the width,
height, and depth of penetration of the surfaced bead remains
unstudied. Multivariate analysis taking into account current,
voltage, and deposition rate is not given in the cited work.
A regression model of the weld geometry is not built.

In work [3], the mechanism of formation of crystallization
centers under low-frequency mechanical vibration during
arc welding of Inconel 601H was investigated. The optimal
parameters that ensure an increase in hardness were deter-
mined: current 80 A, vibration frequency 100 Hz, and exposure
duration 100 s. The study was conducted for arc welding with
a non-consumable electrode without filler material. Therefore,
the shape of the weld bead and its cross-sectional area are
not the subject of analysis. For the welding of structural steel
with a consumable electrode, these results provide an idea of
the mechanism, but not of the geometry. In [4], vibrations are
shown to refine the grain and reduce the structural heterogene-
ity of the surfaced metal. The work considers dissimilar welded
joints, so the interest is on the impact toughness, not on the
geometry of the weld bead. The effect of the vibration frequency
is considered without taking into account the amplitude, direc-
tion of oscillations, and interaction with welding modes.

In [5], the positive effect of vibrations on the strength and
fatigue life of welded joints of stainless steel when welding with
a non-consumable electrode without filler material was shown.
The object was butt joints of a thin sheet. Because of this, the
width and height of the seam were formed by the geometry
of the gap, and not by the vibration parameters. For surfacing
on a massive part, these results cannot be directly transferred.
In [6], the vibrational relaxation of stresses in welded structures
for marine applications was considered. The method is effective
after welding, on solid metal. The geometry of the weld bead
is formed earlier, so vibrational relaxation does not affect it in
principle. In [7], the effect of low-amplitude workpiece vibra-
tions on the shape of penetration and the uniformity of the
distribution of elements in the surfacing layer during pulsed
arc welding with a consumable electrode in a shielding gas of
low-carbon steel was experimentally investigated. Sinusoidal
oscillations at a specific frequency change the shape of the pen-
etration from finger-shaped to flat due to resonance between
the droplet flow and the pool. The study was conducted for high
frequencies (50-450 Hz) at amplitudes of about 0.5 um. The
influence of low-frequency oscillations at significant amplitudes
on the width, height, and depth of penetration was ignored. The
regression model of the weld bead geometry from the oscillation
parameters is not given in the work. In [8] it is shown that trans-
verse movements of the welding arc during surfacing reduce the
reinforcement, penetration depth, and convexity index of the
weld bead. With an increase in the oscillation frequency, micro-
structure refinement is observed. The study was performed for
a process with short-circuit metal transfer at a fixed triangular
trajectory and a constant amplitude of transverse arc oscillation.
The case of controlled oscillations of the workpiece itself when
the amplitude is varied was not considered in the work.

An installation for oscillating a flat part under automatic
mode with frequency and amplitude control is described in [9].
The design of the oscillator is considered, and the prospects of
its application are shown. The work does not provide a quanti-
tative analysis of the geometric characteristics of the surfaced
bead because its subject is the device itself. Regression models
and optimization of modes were beyond the scope of that study.



Our review of the literature [2-9] showed that vibrations
have a positive effect on the structure and properties of welded
joints, but the geometry of the surfaced bead has been stud-
ied fragmentarily. There is no direct experimental data on
the influence of low-frequency controlled oscillations of the
workpiece (units of Hz at amplitudes in the millimeter range)
on the width, height, and depth of penetration. Regression
models for predicting these dimensions from the oscillation
parameters and welding modes have also not been built.

The above makes it advisable to study the influence of oscil-
lation parameters on the width, height, and depth of penetration
of the weld beads.

3. The aim and objectives of the study

The aim of our study is to identify the influence of the
surfacing parameters with controlled oscillations of the liquid
weld pool on the geometric characteristics of the surfaced bead.
This will make it possible to increase the productivity of the
process when using a modern mechatronic control system.

To achieve the goal, the following tasks were set:

- to establish the influence of surfacing parameters on the
width of the surfaced bead;

- to establish the influence of surfacing parameters on the
height of the surfaced bead;

- to investigate the influence of surfacing parameters on
the penetration depth of the base metal.

4. The study materials and methods

The object of our study is the geometric dimensions of the
surfaced weld bead. The subject of the study is the formation
of the surfaced bead using mechanical low-frequency har-
monic oscillations.

Research hypothesis assumes that controlled oscillations
of the liquid weld pool make it possible to increase the surfac-
ing productivity by controlling the geometry of the weld bead.

When building a mathematical model, the following as-
sumptions were adopted. Oscillations of the liquid weld pool
are considered as harmonic changes with a sinusoidal law.
Physicochemical properties of the melt, such as density, vis-
cosity, surface tension, and thermal conductivity, are assumed
to be constant within the studied range of modes. The ranges
of variation in the oscillation parameters were as follows:
frequency v =2.5-4.5 Hz and amplitude A =0.004-0.007 m.
Their choice is justified by previous studies on the resonance
characteristics of the "workpiece-liquid pool” system and an
analysis of the literature on vibration methods in welding.

Simplifications in the mathematical model include ne-
glecting higher harmonics of weld pool oscillations. The
influence of metallurgical reactions in the pool is not taken
into account. Consideration is limited to hydrodynamic and
thermal processes in the melt.

The ranges of surfacing parameters corresponded to
typical operating values for a semi-automatic process. The
welding current strength varied within the following lim-
its: I;=100-200 A, voltage U =20-30V, surfacing speed
Vy=10.3-0.6 cm/s.

The surfacing process was carried out at the above-men-
tioned installation [9], which included a semi-automatic ma-
chine PSh 107V (USSR / Ukraine) as a local system for sup-
plying electrode wire and, if necessary, shielding gas. During

surfacing, a welding current source VDU-506 (USSR / Ukraine)
was used. A separate mechanism with an adjustable DC
electric drive was used to perform welding movement. The
movement of the displacement oscillator itself, as well as the
entire surfacing cycle, was executed by a control system with
a certain programming of its operation.

The geometric parameters of the surfaced beads were
determined by experimental and analytical methods. Exper-
imental surfacing was carried out with varying oscillation
parameters and process modes, with arc oscillography to
control current and voltage. The geometric dimensions of
the beads were determined from macrographic cross-sec-
tions: height - on an optical microscope, width - by direct
instrumental measurement. Regression analysis of experi-
mental data was used to build a mathematical model of the
dependence of the geometric dimensions of the bead on
surfacing parameters. All measurements of the geometric
dimensions of the surfaced beads were carried out in accor-
dance with the requirements from current national standards.
DSTU ISO 17639 (study of welded joints - macroscopic and
microscopic) and DSTU ISO 17637 (visual and measuring
control of welds) were applied. Sheet steel of the St3sp grade
was used as the base metal, and solid wire of the ER70S-6
brand was used as the electrode wire.

5. Results of investigating the influence of oscillations
on the geometry of the surfaced bead

5.1. Determining the influence of surfacing parame-
ters on a weld bead width

The width of the surfaced bead H was determined based
on a mathematical model in the form of an analytical con-
clusion reported in [10]. This conclusion was drawn based
on the fact that the weld bead is formed under conditions of
harmonic transverse oscillations of the weld pool due to the
influence of an external force

F(t)=Fy-cos(2:m-v-t),

where F is the amplitude value of the force; v is the frequency
of oscillations.

The oscillator is schematically shown in Fig. 1. The oscil-
lation of the part being surfaced was carried out by a gearless
mechanism with an electric drive based on a stepper motor
with precise positioning of the part.

An expression for determining the width of the surfaced
bead was derived by solving the equation of forced oscillations
of a harmonic oscillator; it takes the following form

M,

cos(n—@) s (1)
ml\/(a)g —v2)2 +4y2y?

H—Z‘

where Mj is the torque on the stepper motor shaft; m is the
mass of the frame where the part to be surfaced is fixed, kg;
1 is the distance from the axis of oscillation to the center of
mass of the melt, which is regulated by the height of the tech-
nological substrate (Fig. 1), m; w is the frequency of natural
oscillations of the melt; v is the frequency of oscillations;
y is the coefficient characterizing the force of viscous friction;
@ is the angle between the vector of the forcing effort and the
direction of change in coordinate x(t).
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Fig. 1. General oscillator diagram for determining the bead
width H according to expression (1)

According to equation (1), by using the Mathcad software
package (USA), the width of weld beads was calculated for
different values of the surfacing parameters. The results of the
calculations are given in Table 1.

Essential and important, especially for users and develop-
ers of surfacing technology with controlled pool oscillations,
is the assessment of error in the calculated and actual width
of the surfaced bead based on the ability to predict the result

that can be obtained from formula (2). The relative error can
be determined from the following expression

H cal — H meas

A= -100%, )

meas

where H,y is the width value calculated from expression (1);
H,eq5 is the width value measured (Table 1).

The total average relative error of this model is 21.7%.

Very important from a practical point of view is the assess-
ment of the influence of each main factor on the formation
of weld bead width. This task can be solved in various ways
but, in this case, the most simple and effective may be the
methodology of average values by Professor Protodyakonov.
According to this methodology, the average values of the re-
sponse — the width of the weld bead for each value of the cor-
responding main factor are determined. Based on the calcula-
tion data, plots for the dependence of average values of a weld
bead width on the corresponding factor are constructed.

For example, a number of such plots are shown in Fig. 2.
The steeper the resulting plot, the greater the influence of
this factor on the formation of width. Analysis of the curves
and assessment of the significance of technological factors
revealed that the most significant influence on the width of
the surfaced bead is exerted by the amplitude of oscillations A.
If the curve is horizontal, then this factor does not affect the
value of the formation of width at all.

Table 1
Values of bead widths, calculated from equation (1) and measured, with the given relative error
Surfacing cur- Surfacing Oscilla?ion frequeqcy/ distance from Amp.)litu.de of Calcul;}ted Measu.red Relative error,
rent I,, A speed; V, m/s the axis of osc111atlor.1 to the center oscillations, bead width, bead width, A%
of mass of the melt; v, Hz/l, mm A,m H_q, mm H,eqs» mm

100 0.0061 0.004 10 10.96 8.7
125 0.0072 0.006 16 12.4 29
150 0.005 2.5/270 0.007 19 15.8 20.3
175 0.0039 0.003 7 11.7 41
200 0.0028 0.005 13 15.7 17.2
100 0.0072 0.005 14 10.3 36
125 0.0039 0.007 19 17.2 10.5
150 0.0061 3/250 0.003 8 10.8 26
175 0.0028 0.004 11 15.4 28.6
200 0.005 0.006 18 15.8 14
100 0.0039 0.006 16 13.6 17.7
125 0.0028 0.003 7 13.2 47
150 0.0072 3.5/80 0.004 10 13.8 27.5
175 0.005 0.005 13 14 7
200 0.0061 0.007 20 19 52
100 0.0028 0.007 22 18.8 36.4
125 0.005 0.004 10 11.8 15.3
150 0.0039 4/63 0.005 14 14.3 2.1
175 0.0061 0.006 18 14.1 27.7
200 0.0072 0.003 7 11.3 38.1
100 0.005 0.003 8 9.6 17
125 0.0061 0.005 15 18 16.7
150 0.0028 45/60 0.006 20 17.9 11.7
200 0.0039 0.004 11 13.8 20.1
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Fig. 2. Plots for the average values of a surfaced bead width, measured H; ¢ and calculated H3",

determined by the Protodyakonov method: @ — depending on the surfacing current /5, A; b — depending on the surfacing
speed V;, m/s; ¢ — depending on oscillation frequency v, Hz; d — depending on oscillation amplitude A, m

The resulting plots (Fig. 2) demon- Table 2
strate that at an oscillation frequency Comparative experimental data on bead width and height
H;, t}:je ranfgeo 853265(_)3:75 Hz flnd an,l' Experi- Cur- | Speed, | Ampli- | Frequency, | Width, Height, | Bead forming
P gu €s o ih - .f zln’bt g mgiﬁ ment No. | rent, A | m/s tude, m Hz mm mm quality
influence on the surfaced bead wi
. . . . 1* 100 0.0028 - - 10.32 4.18 ood
is the amplitude of the oscillations, .g
namely: with increasing amplitude, the 1 100 0.0028 0.007 4 18.8 2.7 satisfactory
width also increases. Our installation 2 100 0.0039 0.006 3.5 13.6 2.8 satisfactory
was also used to conduct studies on the 3 100 0.005 0.003 4.5 9.6 4.04 good
influence of oscillations on the liquid 4 100 | 0.0061 | 0.004 2.5 10.96 3.02 satisfactory
metal of the weld pool and the possi- 5 100 | 0.0072 | 0.005 3 10.3 3 unsatisfactory
bility of increasing the weld bead width 6 125 | 00028 | 0.003 35 132 40 good
through its spreading under the angular - 125 | 00039 108 28 ood
force of oscillations. The results of the . . : .g
studies showed that the influence of os- 7 125 0.0039 0.007 3 17.2 3.9 satisfactory
cillations on the spreading of the metal, 8 125 0.005 0.004 4 11.8 3.5 good
which is due to a sufficient value of the 9 125 | 0.0061 | 0.005 4.5 18.0 2.9 good
inertia force, is observed at frequencies 10 125 | 0.0072 | 0.006 2.5 12.4 2.5 satisfactory
from 10 Hz, while an increase in the 11 150 | 0.0028 | 0.006 45 17.9 5.2 good
amplitude factor contributes to an in- 12 150 | 0.0039 | 0.005 4 14.3 45 good
crease in the width, and an increase in -

13* 150 0.005 - - 11.9 5.3 satisfactory
the frequency factor to a decrease. -

Table 2 gives results from compara- 13 150 0.005 0.007 2.5 15.8 3.2 satisfactory
tive experimental studies to determine 14 150 | 0.0061 | 0.003 3 108 4.0 good
the real values of the width and height 15 150 | 0.0072 | 0.004 3.5 13.8 3.0 satisfactory
of the surfaced bead with and without 16 175 | 0.0028 | 0.004 3 15.4 4.9 good
oscillations of the pool. The quality of 17 175 | 0.0039 | 0.003 2.5 11.7 5.6 good
bead formation was assessed according 13 175 0.005 0.005 35 140 46 good
to DSTU IS0 17637. 19* 175 | 0.0061 8.8 5.2 satisfacto

Analyzing the data (Table 2), we can - - - J
conclude that the presence of oscilla- 19 175 | 0.0061 | 0.006 4 14.1 3.8 good
tions causes a Change in the geometry 20 175 0.0072 0.007 4.5 9.0 3.7 Satisfactory
of the surfaced bead. The weld bead 21 200 | 0.0028 | 0.005 2.5 15.7 6.8 satisfactory
width increases and its height decreases. 22 200 | 0.0039 | 0.004 4.5 13.8 6.3 good
These effects are manifested in two reso- 23 200 | 0005 | 0.006 3 15.8 4.9 satisfactory
nant ranges of oscillation frequencies of 24 200 | 0.0061 | 0.007 3.5 19.0 7.4 satisfactory
2.5-3Hz and 4-4.5 Hz and retain their

. . 25% 200 0.0072 - - 7.8 6.4 good
character when changing the main pa-
rameters of the surfacing parameters 25 200 | 0.0072 | 0.003 4 113 4.7 good
within the considered limits. Note: data marked * were obtained without pool oscillations.



5.2. Determining the influence of surfacing parame-
ters on the weld bead height

The influence of the basic surfacing parameters and the
parameters of pool oscillations was determined on the basis
of a regression model built on the results of experimental
studies. The regression model for calculating height b of the
surfaced bead was constructed using the regression analysis
methodology [11]; it takes the following form

b=0.00402+0.0488 I, -V, —4.12-1075 - I, -v —
~0.0287-1,-A—~7,27-1,-V,- A—
—0.00162-I-V,-v+2.24-A-v—44.8-A-v-V, +

+7.59-1,- A% +1.10-10%- A-V2 +0.0725-V, -v2 —
~0.263-A-v2+1.85-107 - 12 -v —

~7.70-1075-12 .V, —807- A% —544 . V2. (3)

The regression model built captures 94.0% of the total
variation in a weld bead height (coefficient of determina-
tion R*~0.94). The adjusted coefficient of determination
R? ~0.92, that takes into account the number of predictors
in the model confirms its statistical adequacy. Based on the
regression model equation, contour plots were constructed
for surfacing currents in the range of 100-200 A and different
values of surfacing speed and liquid pool oscillations. From
the analysis of the resulting contour plots for the formation
of the weld bead height, some of which are shown in Fig. 3,
it follows that the minimum value of the height is formed in
two frequency ranges. This pattern is observed within the fre-
quencies v = 2.5-3 Hz and v = 4-4.5 Hz at any current strength
and surfacing speed. But the minimum value of weld bead
height b, or close to it, can be obtained in two frequency ranges
under one technological mode. These modes are the following:

—at ;=125 A, V3 =0.0028 m/s;

—at I;=150 A, V;=0.0039 m/s, Vy=0.005m/s and V=
=0.0072 m/s;

—at ;=175 A, V,=0.0028 m/s, V= 0.0039 m/s;

—at I, =200 A, V, = 0.0072 m/s.

In other words, the minimum value of weld bead height is
always formed in the frequency ranges of 2.5-3 Hz and 4-4.5 Hz.
It should also be noted that the ratio of the current strength
and surfacing speed determines the amplitude value and the
possibility of forming the minimum value of weld bead height
in two frequency ranges under one technological mode. The
most effective is the amplitude range A = 0.004-0.006 m.

A comparison of the weld bead heights obtained without
oscillation (Table 2, Fig. 3) with the minimum height of the
weld bead formed under a similar technological conditions
using the oscillation of the weld pool is given below. At the
surfacing current strength without oscillations I;=100 A
and V;=0.0028 m/s, the minimum height of the surfaced
bead is by, = 4.18 mm. The minimum value with oscillations
under this processing conditions is achieved at a frequency
of v=2.5Hz and an amplitude of A=0.007 m and does
not exceed b3S, =0.7mm (Fig. 3, a). That is, the size of the
height of the bead due to oscillations decreased by at least
6 times. At a current of I;=125 A and a surfacing speed
of Vy=0.0039 m/s, the height of the bead is by, = 2.8 mm
without oscillations. The minimum value with oscillations
under this technological conditions is observed at v = 2.5 Hz
and A =0.005-0.007 m and is b%, =2.3mm. The size of the
height of the bead due to oscillations decreased by 1.2 times.
At I;=150 A and V;=0.005m/s, the height of the surfaced

bead is bni, = 5.3 mm without oscillations. With oscilla-
tions, at v = 2.5 Hz, A = 0.004-0.006 m, the minimum height
value is b3y, =2.7mm (Fig. 3, a). That is, the height of the
bead due to oscillations decreased by 2 times. At a welding
current strength without oscillations I, =175 A and a speed
Vi =0.0061 m/s, the height of the bead is by, = 5.2 mm. Un-
der this technological mode, the minimum height of the sur-
faced bead is b3, =2 mm at oscillations with a frequency of
v =2.5Hz and an amplitude of A = 0.004-0.006 m. The height
of the bead due to oscillations decreased by 2.6 times. Under
modes without oscillations I, =200 A, V;=0.0072 m/s, the
height is by, = 6.4 mm. The minimum value with oscillations
is observed at the oscillation frequency v = 2.5 Hz and their
amplitude A =0.004-0.006 m and is b%, =1mm (Fig. 3, ¢).
The height of the bead, under these modes, decreased by
6.4 times due to oscillations.
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Fig. 3. Plots for the formation of surfaced bead height b
under the following modes: a — /s= 100 A, V;=0.0028 m/s;
b— =150 A, V;=0.005m/s; c— /s=200 A,
Vs=0.0072m/s

Therefore, the value of a surfaced bead height can be re-
duced by approximately 1.2-6.4 times using harmonic trans-
verse oscillations of the weld pool.

5. 3. Determining the influence of surfacing parame-
ters on the depth of base metal penetration

The depth of penetration was determined for the beads
obtained under separate technological modes, both with and
without oscillations of the pool. The technological modes and
oscillation regimes of the pool at experimental surfacing are
given in Table 3.

Macrog raphic cross-sections of samples for studying the
influence of pool oscillation parameters on penetration depth
are shown in Fig. 4. Fig. 5 depicts a diagram of the results



from determining a penetration depth of the base metal
depending on the selected pool oscillation parameters and
surfacing parameters in comparison with the same modes
without oscillations.

Table 3

Technological modes and pool oscillation regimes at
experimental surfacing to determine penetration depth

Exper— Surfacing | Surfacing | Oscillation Amph?ude
iment of oscilla-
current, A | speed, m/s | frequency, Hz .
number tions, m
1% - -
100 0.0028
1 4 0.007
2% - -
125 0.0039
2 3 0.007
3* - -
150 0.005
3 2.5 0.007
4% - -
175 0.0061
4 4 0.006
5% - -
200 0.0072
5 4 0.003

Note: Experiments marked * were performed without pool oscillations.

g

/ J
Fig. 4. Macrographic cross-sections of the surfaced
beads, both under the action of liquid pool
oscillations (b, d, £, h, j) and without oscillations (a, ¢, e, g, /)
in accordance with Table 3: a — experiment number 1%;
b — experiment number 1; ¢ — experiment number 2%;
d — experiment number 2; e — experiment number 3%;
f— experiment number 3; g — experiment number 4%;
h— experiment number 4; /— experiment number 5%;
Jj— experiment number 5

Our analysis of the results revealed that the penetration
depth of the beads obtained without pool oscillations is
within 2-3 mm, and of the beads obtained using pool oscil-
lations — 1-3 mm.

The greatest decrease in the penetration depth under the
action of the oscillatory motion of the pool at the level of
1.0-1.5 mm is recorded under the surfacing parameters with
a current of 100-150 A. With a further increase in the sur-
facing current, the penetration depth approaches the value
of the depth obtained without oscillations.

Fig. 5. Comparative diagram for determining
penetration depth £, (mm) under technological
modes in Table 3: 1 — experiment number 1%;

2 — experiment number 1; 3 — experiment number 2%;
4 — experiment number 2; 5 — experiment number 3%;
6 — experiment number 3; 7 — experiment number 4%;
8 — experiment number 4; 9 — experiment number 5%;
10 — experiment number 5

The critical factor influencing the geometric parameters
of a weld bead is the dispersion of the welding arc, which
accompanies the surfacing process with fluctuations of the
weld pool.

6. Discussion of results based on studying
the influence of surfacing parameters on the geometry
of a surfaced bead

Our analysis of the experimental and theoretical data
reported in this work confirms that controlled low-frequency
harmonic oscillations of the weld pool are an effective tool for
targeted control over the geometry of a surfaced bead. Unlike
conventional control methods (changing the current, speed,
arc voltage), oscillations directly affect the hydrodynamics of
the liquid melt, changing the distribution of heat flows and
the nature of crystallization [2, 4].

It was experimentally established in our work (Table 2)
that oscillations lead to a complex change in the geometry of
a weld bead: an increase in its width, a sharp decrease in
height (up to 6 times), and a decrease in the penetration depth.
These effects are manifested in two resonant frequency ranges
of 2.5-3 Hz and 4-4.5 Hz and are preserved when the main sur-
facing parameters change. The results are consistent with the
ideas of forced oscillations of the liquid layer and complement
existing studies on oscillation welding and surfacing [12].

In this work, oscillations are considered as an indepen-
dent technological parameter, which corresponds to modern
trends in the development of mechatronic and adaptive weld-
ing systems [13].



The mathematical model built, based on the equation of
forced oscillations, makes it possible to predict a change in
the weld bead width depending on the amplitude and fre-
quency of excitation. The average relative error of the model is
21.7% (Table 1), which is acceptable for highly nonlinear weld-
ing processes. The model correctly describes the general nature
of width change and reveals resonant zones. At the same time,
it has a tendency to overestimate the width at high frequencies
and underestimate it at low frequencies. Comparison with
literature data shows that the achieved accuracy is comparable
to the results from similar regression models for predicting the
geometry of a weld bead in arc welding of steels, in which the
average relative error of prediction is 11-25% [14].

The increase in the surfaced bead width is due to the ac-
tion of interrelated mechanisms:

- inertial forces that cause transverse redistribution of
the melt;

- a decrease in local heat concentration due to a decrease
in the time of arc exposure to one point;

- an increase in turbulization and circulation of the melt,
which facilitates its spreading;

—a decrease in capillary forces and surface tension gradi-
ents during oscillatory motion [15-18].

As a result, the pool acquires a flatter and wider
shape. This is confirmed by both experimental measure-
ments (Table 2) and macrographic data (Fig.4). Analysis
of experimental dependences revealed that the main factor
determining the weld bead width is the amplitude of oscil-
lations. An increase in the amplitude leads to an increase
in the width by 1.5-2 times. The frequency of oscillations
has a non-monotonic effect: the maximum expansion is ob-
served in the range of 2.5-4.5 Hz, while at frequencies above
10 Hz the effect weakens.

The welding current and the surfacing rate retain their
conventional influence. An increase in the current contributes
to an increase in the width, an increase in the rate, on the
contrary, to its decrease (Table 2). However, the amplitude of
oscillations can have a comparable or stronger effect on the
geometric dimensions of the surfaced bead [18, 19].

The identified resonance ranges (2.5-3 and 4-4.5Hz)
correspond to the natural frequencies of the weld pool oscilla-
tions and are consistent with the theoretical and experimental
data reported by other authors [20, 21]. In these zones, the
amplitude of the melt response is maximum, which leads to
the greatest expansion of the weld bead.

The regression model built (3) demonstrates a high
sensitivity of the weld bead height to the amplitude and
frequency of oscillations. The minimum height values are
stably achieved in the same resonance ranges as the maxi-
mum width. The height prediction error does not exceed 15%,
which confirms the practical applicability of the model.

The decrease in the weld bead height is explained by the
accelerated spreading of the metal across the width, the de-
crease in the volume of the melt in the central zone, and the
redistribution of thermal energy. The oscillations contribute to
the smoothing of surface waves and the formation of a more
uniform profile of the surfaced layer, similar to the effects
known in the oscillation treatment of cast and welded products.

The greatest decrease in height is observed at frequencies
of 2.5-3 and 4-4.5 Hz (Table 2), which further confirms the
resonant nature of the process. Under these conditions, the
internal circulation of the melt is enhanced, and the local
heat concentration is reduced, which leads to the formation
of a flatter bead.

The depth of penetration is a critically important param-
eter that determines the degree of mixing of the base and
surfaced metal. Experiments have shown (Fig.5) that the
introduction of oscillations leads to a decrease in the penetra-
tion depth by 0.5-1.5 mm at currents of 100-150 A. At higher
currents (175-200 A), the effect of oscillations is weakened,
and the depth approaches the values characteristic of surfac-
ing without oscillations. This is consistent with the results of
studies on oscillation welding, in which the decrease in depth
is explained by a decrease in heat concentration and a change
in the shape of the arc[15,17]. At moderate currents, me-
chanical heat redistribution plays a significant role, while at
high currents the thermal power of the arc dominates, which
compensates for the effect of oscillations. The observed nonlin-
earity corresponds to the idea of the "thermal saturation” of the
weld pool. Oscillations enhance horizontal melt flows, reduce
the stability of the central high-temperature core, and weaken
Marangoni convection. As a result, the vertical direction of heat
flows decreases and the penetration depth decreases. An addi-
tional role is played by the expansion of the arc base and a more
uniform distribution of heat across the width of the bead.

The most pronounced decrease in the penetration depth
is achieved at amplitudes of 0.004-0.007 m and frequencies of
2.5-4.5 Hz (Table 3, Fig. 4). For oscillation frequencies above
10 Hz, the system does not have time to respond to excitation,
and the effect decreases. Oscillations lead to redistribution
of heat flows and intensification of melt hydrodynamics.
A decrease in local heat concentration is accompanied by an
expansion of the heating zone and the formation of a flatter
pool. Forced oscillations cause a resonant response of the lig-
uid metal, which explains the appearance of stable frequency
ranges of the maximum effect. A more uniform surfaced
layer with an increased width, reduced height and penetra-
tion depth is formed. Compared with conventional geometry
control methods, this approach provides higher accuracy and
dynamic control [8].

The increase in surfacing productivity is directly related to
the established change in the geometry of the bead. Increas-
ing the width of the bead by 1.5-2 times reduces the number
of runs required to cover a given surface by the corresponding
multiple. According to the measurement results, at a current
strength of 100 A and a surfacing speed of 0.0028 m/s, the
width of the bead without oscillations was 10.32 mm. The in-
troduction of oscillations with a frequency of 4 Hz and an am-
plitude of 0.007 m in the same modes led to an increase in the
width to 18.8 mm. A similar trend was observed throughout
the studied range of currents 100-200 A (Table 2). Reducing
the number of runs proportionally reduces the total process
time and electrode wire consumption.

The reduction in the height of the bead is even more
significant: the height decreases by 1.2-6.4 times depending
on the processing conditions (Table 2, Fig. 3). At a current
of 200 A and a speed of 0.0072 m/s, the height of the bead
without oscillations was 6.4 mm. Under the action of oscilla-
tions of 2.5 Hz with an amplitude of 0.004-0.006 m, its value
decreased to 1 mm. Reducing the height of the bead directly
reduces the allowance for further machining. This is accom-
panied by a decrease in cutting tool wear and a reduction
in energy costs for finishing operations. The third factor in
increasing productivity is a decrease in the penetration depth
by 0.5-1.5 mm at currents of 100-150 A (Fig. 5). Reducing
the proportion of the base metal in the surfaced layer ensures
the achievement of the specified chemical composition and
surface properties with a smaller number of surfacing layers.



This further reduces the consumption of electrode wire and
the overall process time.

The practical significance of our results relates to the
possibility of increasing the productivity of surfacing by in-
creasing the width of the bead and reducing the number of
runs. Due to a significant reduction in height, the amount of
necessary further machining, metal consumption, and energy
costs are reduced. Reducing the depth of penetration reduces
the degree of mixing of the main and filler materials. This
reduces the likelihood of the formation of unfavorable struc-
tures, which has a positive effect on the operational properties
of the restored parts. These effects, increased bead width,
smaller height, and depth of penetration meet the typical
requirements for the restoration surfacing of large-sized parts
with extended working surfaces.

The proposed method is promising for several industries
with extended working surfaces of parts. In transport engi-
neering, this is the restoration of shafts and wheelsets where
the uniformity of the layer along the length is important.
In the energy sector, these are generator shafts and turbine
elements, where it is critical to preserve the properties of the
base metal due to the reduced penetration depth. In agricul-
tural engineering, this is strengthening the working bodies
of plows, plowshares, and cultivator bodies with wear-resis-
tant layers. In mining and metallurgical equipment, this is
the restoration of rolling mill rolls, mill armor, and crushers,
where high surfacing productivity is required.

Controlled harmonic oscillations are an effective means
of complex control over the geometry of the surfaced bead.
Two stable resonant frequency ranges (2.5-3 and 4-4.5 Hz)
were identified, at which the maximum increase in width,
a significant decrease in height and a decrease in the depth
of penetration are achieved. The amplitude of oscillations is
the main control parameter. Our results are consistent with
world research and confirm the high industrial prospects of
the oscillation-controlled surfacing method.

The results of the study were obtained in limited ranges
of currents, speeds, amplitudes, and frequencies. They apply
to surfacing on massive flat samples. As a drawback of the
work, it can be noted that modes with high heat input, thin-
walled parts, and other welding processes (Tungsten Inert
Gas, Submerged Arc Welding, welding with pulsed modes)
were not considered. In addition, a single-frequency oscilla-
tion excitation system in one plane was used, which limits the
generalization of the results.

Promising directions for further development of this re-
search are the use of numerical modeling of pool hydrodynam-
ics (Computational Fluid Dynamics + Finite Element Method),
the study of high-frequency and multi-plane oscillations. Also of
interest is the design of adaptive control systems with feedback
and the study of the influence of oscillations on the microstruc-
ture and properties of surfaced metal. Of particular interest are
industrial tests on real parts. All this requires additional experi-
mental studies with the simultaneous design of new equipment
that would allow for high-frequency and/or multi-plane oscilla-
tions during surfacing. It is also necessary to refine the mathe-
matical model, which should take into account oscillations with
a higher frequency and/or directed in different planes.

7. Conclusions

1. We have experimentally established that controlled
low-frequency oscillations of the weld pool increase the sur-

faced bead width by 1.5-2 times compared to the surfacing
without oscillations. The determining parameter is the am-
plitude of the oscillation (in the range of 0.004-0.007 m),
while the frequency affects non-monotonically: the max-
imum expansion is achieved in the resonance zones of
2.5-3 and 4-4.5 Hz. The mathematical model, which we
built based on the equation of forced oscillations, pre-
dicts a change in the width with an average relative error
of 21.7%, which is acceptable for highly nonlinear welding
processes.

2. The introduction of oscillations leads to a decrease in
the surfaced bead height by up to 6 times, which is due to
the accelerated spreading of the metal across the width, the
redistribution of thermal energy, and the enhancement of the
internal circulation of the melt. The minimum height values
are achieved in the same resonant frequency regions as the
maximum width. The error of the regression model for pre-
dicting the height does not exceed 15 %, which confirms its
practical applicability.

3. The use of oscillations reduces the depth of penetration
of the base metal by 0.5-1.5 mm within the current range
of 100-150 A. The decrease is explained by the weakening of
the vertical direction of heat flows, the reduction of local heat
concentration, and the intensification of horizontal hydrody-
namic flows of the melt. At currents of 175-200 A, the effect
is weakened due to the dominance of the thermal power of
the arc, which corresponds to the phenomenon of "thermal
saturation” of the weld pool.
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