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The work presents the results of development and manufacture of a unique research complex for investigation of fast 
processes of heat-mass transfer in consumable electrode arc welding. Advantages of the developed complex over the 
traditionally applied ones using film and video cameras with shadow principle of registration of heat-mass transfer 
characteristics are shown. Fast processes were studied with application of high-speed video recording with illumination 
of the arc gap by Cu–Br laser beam, improving visualization of the studied object — the process of melting and transfer 
of each drop of electrode metal under the conditions of intensive light of the electric arc. The paper contains explanatory 
diagrams, control algorithms, video frames of a separate welding microcycle, examples of oscillogram-recording and 
graphical representations of changes in their quantitative values. 13 Ref., 1 Table, 14 Figures.
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Processes of heating and melting of welding electrode 
or wire, formation and transfer of electrode metal 
drops in welding largely determine the stability of 
strength properties of permanent joints. The nature 
of melting and transfer of electrode metal in fusion 
welding is determined by a large number of physi-
cal phenomena, namely heat-mass transfer, gas- and 
thermodynamics, electromagnetic processes, running 
in the arc, on the surface and in the volume of the 
electrode, molten drops of both the base and electrode 
metal [1–3].

Analysis of the work devoted to kinetics of elec-
trode metal melting, shows that metal transfer from 
the electrode into the weld pool, proceeds in the form 
of drops of different diameter [4, 5]. Transfer mecha-
nism depends on many factors, namely, gravity force 
acting on the drop, force of surface tension of liquid 
metal, electromagnetic forces, pressure of evaporat-
ing metal vapours and other factors. Investigation of 
the kinetics of electrode metal melting and transfer 
into the weld pool is inextricably connected with re-
cording the fast processes. The nature of melting and 
transfer can change, depending on the applied con-
sumable electrode welding process. This is primari-
ly related to the difference in the action on electrode 
metal drop located at electrode tip, of a complex of 
forces, determining not only the frequency of elec-
trode metal transfer into the weld pool, but also the 

duration of molten metal staying under high-tempera-
ture impact of the electric arc. The latter fully deter-
mines the intensity of micrometallurgical reactions in 
the drop and the pool, which are responsible for the 
quality and strength properties of the formed perma-
nent joint [6, 7].

For a long time high-speed filming has been one 
of the main methods for studying the fast processes 
of electrode metal melting and transfer. It is usually 
performed in synchronism with recording of the ba-
sic energy parameters of the technological process. 
For all the variety of the methods for visualization of 
the processes of electrode metal melting and trans-
fer into the weld pool, fast processes running at the 
stage of molten metal melting and transition of each 
drop of electrode metal into the weld pool, are still 
insufficiently studied. This limits our understanding 
of the mechanism of heat-mass transfer, and requires 
development and realization of new experimental 
complexes. The noted circumstance is indicative of 
the urgency of the performed research, the results of 
which will provide a new highly efficient tool, when 
studying complex processes of heat-mass transfer, ac-
companying formation of permanent joints.

The objective of the work was studying the fea-
tures of fast processes of heat-mass transfer at forma-
tion of permanent joints by the methods of consum-
able electrode arc welding with illumination of the 
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arc gap by a laser beam, in order to complement the 
modern concepts of the most effective methods of in-
creasing the stability and effectiveness of the existing 
technologies.

Procedure and technique of experimental inves-
tigations. Research complex, presented in Figure 1, 
can be an example of realization of the research direc-
tion, which can allow achievement of the above-de-
fined goal.

Recording of the technological process parame-
ters is performed as follows. Special software (SW) 
is used to define the algorithm for performance of the 
welded joint (or surfacing), and the task is sent from 
personal computer (PC) to the controller. The control-
ler controls movement of the table with the sample 
and starts the welding process. After 1–2 s delay since 
the moment of welding start, the controller sends a 
signal (Trigger) of the start of recording to a high-
speed video camera and data acquisition board, which 
records the electric parameters (current, voltage). 
Each frame of high-speed videorecording is synchro-
nized with illumination laser pulses through a syn-
chronization unit [8–10]. Synchronization pulses also 
provide marking of current and voltage oscillograms 
for a more precise alignment of the oscillograms with 
videorecording frames [11]. Recording is stopped by 
a controller signal.

The complex envisages application of an infrared 
thermal imaging camera for recording the thermal 
fields during welding (surfacing). Thermogram inter-
pretation provides information about the kinetics of 
heat propagation, rate of weld pool and HAZ cool-
ing, dimensions of weld pool and HAZ, and change 
of their temperature in time [12, 13].

Robotized welding platform. Possibility of ob-
taining repeatable results, when studying gas-shielded 
arc welding is largely determined by the human fac-
tor. Therefore, stability and accuracy of maintaining 
the main parameters of the welding mode are directly 
related to welder’s skills. Moreover, during perfor-
mance of high-speed videofilming of the welding pro-
cess, there is an additional problem of its synchroni-
zation with the moment of appearance of the studied 
object in the video camera focus.

Solution of the problem of repeatability of experi-
mental results is complete automation of the welding 
process during investigations. At present the industry 
is widely applying various mechanisms for automa-
tion of arc welding processes, for instance, six-axis 
robotic manipulators. However, application of ready 
solutions is impossible, because of basic shortcom-
ings, namely: welding torch is always moving that 
makes high-speed videofilming difficult. Moreover, 
such manipulators feature excess capabilities, making 
their maintenance more complicated.

An important link in the developed complex is 
the robotic welding platform, which during investi-
gations ensures automatic movement of the sample 
being welded by one of the selected movement trajec-
tories, in order to ensure the required weld geometry, 
in keeping with the requirements of GOST 6996–66 
«Welded joints. Methods of mechanical properties 
determination». Realization of the method of move-
ment of the sample using a robotic-type platform, is 
related to the need to obtain repeatable results during 
investigation performance, particularly in the field of 
gas-shielded mechanized arc welding. To eliminate 
the human factor and solve the problem of repeatabil-

Figure 1. Complex for recording and investigation of fast processes of heat-mass transfer in consumable electrode arc welding
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ity of experimental results, the presented complex en-
sures full automation of the welding process during 
investigation performance.

Taking into account the above-said, a working 
model of a robotic platform for performance of arc 
welding and surfacing of test samples during experi-
mental studies, was developed and manufactured. The 
platform was designed proceeding from the consid-
erations of correspondence of its technical character-
istics to the parameters of typical test welded joints, 
namely, dimensions and weight of the real samples. 
As in most cases welding or surfacing are performed 
in the downhand position during experiments, and 
there is no need to change the length of the interelec-
trode gap, two axes are sufficient for sample move-
ment. Accuracy of torch movement in gas-shielded 
semi-automatic welding is not more than 1 mm, so 
that the discreteness and accuracy of sample posi-
tioning are sufficient. Overall dimensions of the plat-
form are selected so as to provide the possibility of its 
mounting into a standard 19-inch stand 800 mm deep.

Main technical parameters of the platform
Number of motion axes, pcs . . . . . . . . . . . . . . . . . . . . . . . . . . .                             2
Maximum size of samples being welded 
(W×D×H), mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . .                              200×300×20
Carrying capacity, kg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  20
Discreteness of sample movement, mm . . . . . . . . . . . . . . . . . .                  0.1
Accuracy of sample positioning, mm . . . . . . . . . . . . . . . . . .                  ±0.1

Range of setting sample movement rate, mm/min . . . . . .        0–5000
Overall dimensions of the platform (W×D×H) . . .    505×740×350
Platform weight, kg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 40

H-BOT kinematic diagram of the platform was se-
lected (Figure 2), as the most optimum and reliable 
for the specified technical characteristics. In order to 
increase the precision, rigidity and carrying capacity 
of the platform, the sample mounting stage moves on 
linear bearings along cylindrical guides of 20 mm di-
ameter, using a reinforced toothed belt 25 mm wide. 
Applied as a drive are step electric motors of NEMA 
34 type size, which operate in microstepping mode 
to increase the smoothness. Platform protection from 
moving beyond the limits of movement axes is real-
ized by applying inductive limit switches, which are 
also used for moving it to «zero» initial position.

Figure 2. Kinematic diagram of robotic platform

Figure 3. Functional schematic of the robotic platform
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Figure 3 shows the functional schematic of the ro-
botic platform. The purpose of most of the blocks is 
described above, except for numerical control block, 
which is designed for conversion of the commands of 
experimental set-up control computer into the respec-
tive signals for step motor control. Standard G-codes 
are used as the commands. They are described in de-
tail in GOST 20999–83 «Numerical control units for 

metal-working machines. Part program data coding», 
that greatly simplifies programming the path of plat-
form movement (Figure 4). Welding power source 
switching-on and-off is performed using «dry» con-
tact that allows connecting it to the experimental set-
up in most of the cases without any additional match-
ing devices.

Figure 4. Variants of platform movement trajectories

Oscillograms of current in the welding circuit and voltage in interelectrode gap

Figure 5. Number of short-circuits per 10 s: a — welding the root weld (RW) with 3 mm electrodes (1 — root, direct current; 2 — root, 
modulated current); b — making the filling weld (Fil.W) and facing weld (Fac.W) with 4 mm electrodes (1 — filling, direct current; 
2 — filling, modulated current; 3 — facing, direct current; 4 — facing, modulated current)
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Processing investigation results. Processing pro-
cedure consists of three stages: determination of aver-
age values of current, voltage, power and heat input in 
the specified time range; statistical processing of the 
parameters of short-circuits (SC) during welding (sur-
facing), i.e. obtaining information about the number 
of SC per a unit of time, average SC duration, aver-
age value of SC current, coefficient of variation of SC 

duration; plotting comparative diagrams of obtained 
parameters from welding modes, electrode types, etc.

The Table gives the characteristic oscillograms 
of arc current and voltage, recorded during weld-
ing, where DCW is direct current welding, MCW is 
welding in the mode of low-frequency modulation of 
welding current, 1, 3 is welding of root welds; 2, 4 is 
welding of filling layers.

Figure 6. SC duration: a — making RW with 3 mm electrodes; b — making Fil.W and Fac.W with 4 mm diameter electrodes (same 
designations as in Figure 5)

Figure 7. Coefficient of variation of SC duration: a — making RW with 3 mm electrodes; b — welding Fil.W and Fac.W with 4 mm 
electrodes (same designations as in Figure 5)

Figure 8. Heat input consumed in welding: a — making RW with 3 mm electrodes; b — making Fil.W and Fac.W with 4 mm elec-
trodes (designations are the same as in Figure 5)
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Figures 5–8 show bar charts, plotted as a result of 
processing experimentally obtained oscillograms of 
the main energy parameters of welding modes. Analy-
sis of the given diagrams allows making a quantitative 
assessment of the characteristics of heat-mass transfer 
in coated electrode manual arc welding, which, to-
gether with analysis of experimentally obtained ther-
mal imaging fields allow full assessment of heat-mass 
transfer characteristics.

Figure 9 shows the fragments of thermal image 
filming.

Results of thermal imaging obtained with applica-
tion of a special processing program of the research 
complex, can be represented in the form of thermal 
imaging pictures, which are shown in Figure 10. Ex-
perimentally obtained thermal fields allow establish-
ing the weld pool length, and, therefore, also solidifi-
cation process rate in the formed welded joint.

In mechanized welding processes, the frequency 
of transition of molten electrode metal into the weld 
pool is equal to 25–300 drops per second that makes 
it very difficult to study the fast processes, either at 
the melting stage or at the stage of their transition to 
the weld pool.

In order to process the results of experiments on 
studying the heat-mass transfer characteristics in 
mechanized welding processes, special software was 
applied as part of the complex. It allows presenting 
them, similar to manual arc welding, in the form of 
graphic images and numerical values of heat-mass 
transfer characteristics: heat input, frequency of elec-
trode metal drop transfer, coefficients of variation of 
frequency, SC current duration and amplitude, ther-
mal field isotherms and graphs of the change of ther-
mal cycles of welding.

Figure 9. Thermal imaging of temperature fields on the plate surface in downhand welding 

Figure 10. Distribution of temperature fields at DCW and MCW with 4 mm electrodes
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Visualization of measurement results and their 
processing depend entirely on methods of parameter 
recording, which determine the ability of measure-
ment system to ensure suppression of high-frequen-
cy noise by removing from the spectra of voltage and 
current oscillograms the high-frequency components, 
having a high amplitude, determination of threshold 
value of voltage at SC (this task is the responsibility 
of the researcher and is performed by manual assign-

ment of the threshold by a marker line on voltage os-
cillogram), Figure 11. This is followed by: automatic 
sampling of SC in the required time range, determina-
tion of current and duration of each SC, calculation of 
average value of SC current in the obtained sample, 
average duration of SC and coefficient of variation SC 
duration. Obtained data can be presented in the form 
of tables, as well as bar charts (Figure 12).

Figure 11. Example of processing the results of measurement of current and voltage of the arc during experimental studies: a — with-
out filtering background noise; b — after filtering at result output for analysis

Figure 12. Examples of bar charts for mechanized welding in CO2 with short-circuiting of the arc gap: a — coefficient of duration 
variation (MP welding); b — SC number (MP welding); average SC duration (MP welding)
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Average values are calculated by numerical inte-
gration of current, voltage and their product (power). 
Welding speed, which allows detemination of the 
heat input, is calculated as the ratio of the length of 
weld (deposited coating) to the time, consumed when 
making this weld (coating). In addition, the complex 
includes a module of high-speed videorecording of 
the process of electrode metal melting and transfer, 
as weld as module for oscillography of the main en-
ergy parameters of the welding process, which is per-
formed in synchronism with recording of melting and 
transfer of each electrode metal drop. Pulsed laser il-
lumination is used in order to improve the quality of 
videofilming of the process of electrode metal melting 
and transfer.

However, the processes of heat-mass transfer run-
ning in a complex electrodynamic system of power 
source–arc–weld pool–item at different welding pro-
cesses, including those with pulsed variation of en-
ergy parameters of the mode, are still poorly under-
stood. Studying these phenomena involves a number 
of difficulties, associated with the speed of running of 
heat-mass transfer processes at simultaneous action of 
powerful light of the welding arc (Figure 13).

Figures 13 and 14 show videoframes of welding 
microcycle (period of melting and transfer of one 
electrode metal drop). Comparison of videoframes 
confirms the earlier assumption that application of co-
herent laser radiation during filming should promote 
better visualization of the studied object of heat-mass 
transfer. Performed experiments fully confirmed the 
correctness of the selected direction of research com-
plex development.

In conclusion it can be noted that the robotic type 
research complex, designed for studying the features 
of fast processes of heat-mass transfer, when making 
permanent joints by consumable electrode arc weld-
ing under the conditions of illumination of the arc gap 
by Cu–Br-laser beam, has the required technical char-
acteristics and can be effectively applied for produc-
ing test samples during performance of experimental 
studies, related to finding the ways to improve the re-
liability of critical structures, operating under extreme 
conditions.

Conducted trials of the research complex fully 
confirmed its high effectiveness, when studying the 
fast processes of heat-mass transfer in consumable 
electrode electric arc welding, that certainly expands 
the modern understanding of the most efficient meth-

Figure 13. Videoframes of the process of electrode metal melting and transfer in mechanized CO2 welding with solid wire, videofilm-
ing frequency of 5000 frames per second (illumination of the arc gap by a spotlight with xenon lamp)

Figure 14. Videoframes of the process of electrode metal melting and transfer in mechanized welding in CO2 with solid wire, video-
filming frequency is 5000 frames per second (illumination of the arc gap by Cu–Br laser beam)
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ods to improve the stability and performance of the 
current technologies.

The work was performed using RSF funds under 
Project #16-19-10010 in 2016–2018.
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