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The object of this study is a powder tape for 
arc surfacing of composite and complex-alloyed 
alloys. Essentially, the peculiarities of their design 
determine the uneven heating and melting of the 
shell and core during the arc surfacing process. 
This causes chemical heterogeneity of the surfac-
ing metal, which leads to a spread of its mechan-
ical properties. Taking into account the thermal 
balance of heating the powder tape protrusion by 
the welding current during surfacing, a mathe-
matical model has been built. It allows for a reli-
able and operational assessment of thermal effects 
depending on the welding current density, geomet-
ric dimensions, the filler metal filling ratio of the 
tape and the thermophysical characteristics of the 
metal shell and ingredients. Its quantitative accu-
racy makes it possible to predict general patterns 
of temperature differences, changes in the aggre-
gate state, heat and mass transfer, and phase tran-
sitions. It also allows for the calculation of the 
direction and limits of physicochemical reactions 
and the identification of ways to control the power 
parameters of the powder tape manufacturing pro-
cess and the characteristics of the surfacing mode.

Comparison of the calculated values of the 
average heating temperature with experimental 
data indicates the adequacy of the mathematical 
model and its feasibility for practical calculations. 
The data reported in the paper correctly reflect the 
nature of the heating of the powder tape, taking 
into account the composition of the core, the thick-
ness of the shell, the size of the tape, the degree of 
compression of the metal shell and the powder core 
in the two-roll mill stand. Analytical description 
of the heating patterns makes it possible to solve 
under industrial conditions the technological tasks 
of improving the quality of the deposited metal, 
increasing the productivity of the process, as well 
as resource and energy saving when surfacing com-
posite and alloyed wear-resistant alloys
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1. Introduction

The main directions of economic development under cur­
rent conditions involve improving the quality of manufactured 
products and designing effective technological processes. The 
implementation of the planned activities, as the experience 
of developed countries shows, is impossible without the use 
and further development of surfacing. In the context of saving 
energy resources, scarce and expensive materials, the role of 
surfacing as a means of increasing the durability of quickly 
wearing machine parts and their multiple renewal is a pri­
ority [1]. Surfacing with powder tapes is one of the effective 
resource-saving methods for regenerating structural dimen­
sions and strengthening by applying special alloys that have 
high wear resistance and ensure long-term preservation of the 

optimal geometry of the working body [2, 3]. Meeting the reg­
ulations for operational reliability of the surfacing metal, the 
ability to withstand various types of wear, compliance with 
the principles of interchangeability and economic feasibility 
are largely determined by the quality of the powder electrode 
and the metal surfacing with it [4]. Therefore, studies aimed 
at heating and surfacing of the powder tape are relevant.

2. Literature review and problem statement

In [5] it is shown that powder tapes are manufactured 
by rolling a metal shell with a continuous powder alloying 
charge and its subsequent compaction. In [6] it is shown that 
the design feature determines the multifactorial nature and 
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interrelation of the phenomena occurring during the heating 
of its individual components. This is especially true for the 
multicomponent powder composition of the core [7]. How­
ever, the lack of consideration of the influence of the thermo­
physical characteristics of the core and shell on the formation 
of heat flows does not make it possible to adequately assess 
the thermal environment in the heating zone.

In [8], a number of chemical compounds included in the 
charge become unstable at temperatures and do not lead to 
melting of the core and shell. Therefore, it is important to 
take into account not only the melting process of the powder 
electrode, considered in [6], but also the process of its heating. 
In [9] it is shown that the use of exothermic mixtures in the 
charge activates heating and melting due to the release of 
additional heat during the exothermic reaction in the core. 
However, guaranteeing the required composition of the de­
posited metal is limited due to the recovery of the oxidant 
components and its subsequent transition to slag [10]. In [11], 
modern trends in development and prospects for the use of 
powder electrodes are shown, but the ways of controlling the 
uniformity of heating and melting of the shell and core are 
not indicated. The processes in the weld pool are largely sec­
ondary to the processes in the powder electrode, which is not 
taken into account in [10, 11] when devising the deposition 
technology. This does not make it possible to apply the recom­
mendations compiled when surfacing composite alloys, when 
the charge contains refractory metals. Their transition to the 
deposited layer in the initial state is not ensured. Predicting 
the quality of the layer only from the deposition mode [12] 
does not take into account the uneven heating and melting 
of the powder electrode. This is the cause of the chemical 
heterogeneity of the seam during the surfacing of alloyed 
wear-resistant alloys.

In this regard, it is advisable to conduct a study aimed at 
determining the thermal state of the powder tape during the 
surfacing of alloyed wear-resistant alloys.

3. The aim and objectives of the study

The purpose of our study is to determine the features of 
the thermal state of the powder tape during the surfacing 
of composite and complex alloyed alloys. This will make 
it possible to solve technological problems related to the 
quality of the deposited metal, increasing the productivity 
of the process, as well as resource and energy saving under 
industrial conditions.

To achieve the goal, the following tasks were set:
– to build a mathematical model of the thermal state 

of the metal shell of the powder tape taking into account 
geometric parameters, thermophysical properties, and sur­
facing modes;

– to compare the calculated values of the heating tempera­
ture of the shell of the powder tape with experimental data.

4. The study materials and methods

The object of our study is a powder tape for arc surfacing 
of composite and complex-alloyed alloys.

The principal hypothesis assumes that the adequacy of 
the mathematical model of the thermal state during surfacing 
and its reasonable accuracy for practical calculations could 
be ensured by taking into account the geometric parameters, 

thermophysical properties of the powder tape, and surfacing 
modes. To calculate the thermal state of the protrusion, a rect­
angular cross-section of the powder tape was adopted. When 
modeling the heating of the powder tape shell, the following 
initial data were determined, according to [13, 14]:

1. The electrical resistance of the core charge is much 
greater than the resistance of the powder tape shell, so the 
welding current passes mostly through the shell of the tape, 
and the current density in the powder tape can be calculated 
from the cross-section of the shell.

2. During the passage of the welding current through 
the powder tape, all the heat is released in its shell. The heat 
released is used to heat the shell, the core and is partially 
lost through the side surface of the powder tape by heat 
transfer to the environment. For the calculation, due to the 
small thickness of the bonding layer, a linear decrease in 
temperature along the thickness of the layer was adopted as 
a simplification.

Lock joints are taken into account when calculating the 
cross-sectional area of the powder tape shell. The studies 
were conducted for powder tapes of two classes: for sur­
facing alloyed alloys of the sormite type and composite 
type of rhelite-cupric iron. For surfacing of the sormite 
alloy, a complex alloy was introduced into the core of the 
powder tape. Geometric dimensions of the powder tape: 
width b = 20.0 mm, thickness h = 4.0 mm, thickness of the 
tape shell δ = 0.4 mm. The fill factor was 0.55, the tape shell 
was made of 08 kp steel. The composite alloy surfacing was 
provided by a powder tape containing a mechanical mix­
ture of components in the core: rhelite, nickel, manganese, 
aluminum-magnesium powder. The fill factor was 0.75, the 
tape shell was made of copper. Geometric dimensions of 
the powder tape: b = 20.0 mm, h = 4.0 mm, δ = 0.4 mm. When 
studying the heating temperature of the powder tape shell 
on the ADF-1004 welding machine, thermocouples made 
of chromel-alumel wire with a diameter of 0.15 mm were 
installed in the middle of the powder tape shell. Measure­
ments of the welding current and heating temperature were 
recorded with an oscilloscope K12-22.

5. Results of investigating the thermal state  
of the powder tape during surfacing

5. 1. Modeling the thermal state of the metal shell of 
the powder tape

The width b and the thickness h of the core are inter­
connected with the width and thickness of the powder tape 
through the thickness of the shell δ and the thickness of 
the connecting layer δl (if any) between the charge and the 
shell  (Fig. 1).

The thermal balance of heating a section of powder tape 
by welding current, taking into account the assumptions ad­
opted, is expressed by the following equation:

dQ dQ dQ dQ dQsh c l s� � � � ,	 (1)

where dQ is the Joule heat released in the tape shell at this 
section of the protrusion; dQsh is the increase in the heat ca­
pacity of the tape shell; dQc is the increase in the heat capacity 
of the core of the powder tape; dQl is the increase in the heat 
capacity of the connecting layer between the shell and the 
charge; dQs is the heat transfer from the side surface of this 
section of the powder tape protrusion to the environment.
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During the passage of current in the element dl of the 
protrusion shell (Fig. 1), heat will be released during the 
time dt:

dQ dl
S

I dt
o

�
� 2 ,	 (2)

where ρ is the resistivity of the shell material, Ohm m; Sо is the 
cross-sectional area of the powder tape shell, m2; I is the sur­
facing current, A.

The heat accumulation in the element dl of the protrusion 
shell during an increase in temperature by dT per unit time 
for a time dt will be:

dQ c dT
dt

S dldtsh o o o� � ,	 (3)

where cо – specific heat capacity (J/kg·degree); γо – densi­
ty (kg/m3) of the powder tape shell.

The heat accumulation in the element dl of the protrusion 
core when the charge temperature increases by dTc per unit 
time for time dt will be:

dQ c dT
dt

S dldtc c c
c

c� � ,	 (4)

where cс – specific heat capacity (J/kg·degree); γс – densi­
ty (kg/m3) of the core of the powder tape; Sс – cross-sectional 
area of the core of the powder tape, m2.

The heat accumulation in the element dl of the bonding 
layer in the event of an increase in temperature by dTn  per 
unit time for time dt will be:

dQ c dT
dt

S dldtl l l
l

l� � ,	 (5)

where cl – specific heat capacity (J/kg·degree); γl – density (kg/m3)  
of the binding layer material.

The heat given off from the lateral surface of the powder 
tape protrusion section dl during the time dt will be:

dQ T T Pdldts o� �� �� ,	 (6)

where α is the heat transfer coefficient with the environment, 
W/(m2·degree); T is the heating temperature of the powder 
tape, degree; Т0 is the ambient temperature, degree; P is the 
perimeter of the powder tape, m.

Substituting the values of dQ, dQsh, dQc, dQl and dQs into 
equation (1), we obtain:

c dT
dt

S I
S

c dT
dt

S

c dT
dt

S T T P

o o o c c
c

c

l l
l

l o

� � �

� �

� �

� � �� �

�
2

0

. 	 (7)

Since the connecting layer has a small thickness (δl ≤ 0.1–
0.2 mm), which is an order of magnitude lower than the 
thickness of the core of the powder tape, it can be assumed 
that the temperature along the thickness of the connecting 
layer decreases linearly. And at the point of contact with the 
charge, the core of the layer has a temperature equal to:

T wTl = ,	 (8)

where the coefficient w is in the range 0 < w ≤ 1, and w = 1  
if there is no connecting layer. Then the average tempera­
ture of the connecting layer Tl  will be equal to:

T T Tl l� �� �0 5. .

Substituting the value of Tl from formula (8), we obtain:

T w Tl � �� �0 5 1. .	 (9)

Then:

dT
dt

w dT
dt

l � �� �0 5 1. .

Assuming that the average heating rate of the powder tape 
core is proportional to the heating rate of the shell:

dT
dt

wm dT
dt

A = ,

equation (7) can be simplified. As a result, the following was 
obtained:

c wmc S
S

w c S
S

dT
dt

I
S

T T

o o c c
c

o
l l

l

o

o
o

� � �

� �

� � �� ��

�
�

�

�
� �

� � �� �

0 5 1

2

2

.

PP
So

.

By denoting:

j I
So

= ,

A c wmc S
S

w c S
So o c c

c

o
l l

l

o
� � � �� �� � �0 5 1. ,	 (10)

Fig. 1. Estimation diagram of powder tape
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we obtained:

A dT
dt

j T T P
So

o
� � �� �� �2 .	 (11)

The resistivity of the powder tape shell is a function of 
temperature and is described by the following formula:

� � �� � �� �o T1 ,	 (12)

where ρ0 is the resistivity at the initial temperature, Ohm m;  
β is the temperature coefficient of the shell resistance, degree–1.

Substituting (12) into equation (11), we obtain:

dT
dt

j P S
A

T j PT S
A

o o o o o�
�

�
�� � � � �2 2/ / .	 (13)

Let’s enter the designation:

k j P S
A

o o�
�� � �2 / ,

B j PT S
A

o o o�
�� �2 / ,	 (14)

C B
k

j PT S
j P S

o o o

o o
� �

�
�

� �
� � �

2

2
/

/
.

Then equation (13) can be written as:

dT
dt

kT B� � .	 (15)

Differential equation (15) should be solved by the method 
of dividing variables. Then:

dT
kT B

dt
�

� .

Hence:

ln ln ,kT B kt kT Bo�� � � � �� �  

ln ,kT B
kT B

kt
o

�
�

�

kT B
kT B

e
o

kt�
�

� ,

T
k

kT B e Bo
kt� �� � �� �1 ,

T B
k

e T e B
k

kt
o

kt� � � .

Using the notation (14), finally: 

T T C T eo o
kt� � �� � �� �1 .	 (16)

To determine the temperature of the protrusion cross-sec­
tion located at a distance L (m) from the power supply, it is 
necessary to substitute the heating time value into formula (16):

t L� / ,�

where n is the melting (feeding) speed of the powder tape, m/s.

Then the last equation is written as:

T T C T eo o
kL� � �� � �� �/ .� 1 	 (17)

When solving the heat balance equation, the values of the 
specific heat capacities of the shell cо, the charge cс, and the 
connecting layer cl are taken as averaged over the calculated 
temperature range.

When denoting the ratio of the core mass to the shell mass 
by Kс :

K S
Sc

c c

o o
�
�
�

,

and the ratio of the mass of the connecting layer to the mass 
of the tape shell through Kl:

K S
Sl

l l

o o
�
�
�

.

Then we can convert formula (10) for calculating the coef­
ficient A to the following form:

A c wmK c w K co o c c l l� � � �� �� �� 0 5 1. .	 (18)

And the coefficient k in formula (17) can be determined 
from the following expression:

k j P S
c wmK c w K c

o o

o o c c l l
�

�
� � �� �� �

� � �
�

2

0 5 1
/

.
,	 (19)

where P b h� � �� �2 4� , m;

S b h hl
o � � � �

�

�
�

�

�
�2 2

2
� � , m2 (Fig. 1).

The presented set of analytical descriptions made up 
a  complete algorithm for mathematical modeling of the pro­
cess of heating the powder tape. In order to confirm the ade­
quacy of the constructed mathematical model, computational 
and experimental studies on the thermal state of the powder 
tape along the length of the offset for various shell materials 
were carried out.

5. 2. Comparison of theoretical and experimental 
studies on the thermal state of the powder tape

During the calculation, the following values were accepted: 
b = 20 mm, h = 4 mm, δ = 0.4 mm, n = 6. In this case, the perime
ter of the shell is 51.2 mm, and the cross-sectional area of the 
shell is 20.8 mm2. The coefficient of uneven heating of the 
core m was taken equal to 0.8, and the specific heat capacity 
of the charge cс according to [15] was taken equal to cс = 0.6cо. 
In the case of a steel shell, the calculation considered: 
cо = 460 J/(kg·degree), γо = 7.8·103 kg/m3, ρ0 = 0.14·10–6 Ω·m, 
β = 6·10–3 degree–1; for copper shell: cо = 396 J/(kg·degree), 
γо = 8.9·103 kg/m3, ρ0 = 0.058·10–6 Ohm·m, β = 4·10–3 degree–1. 
The heat exchange coefficient with the environment α accord­
ing to [16] was taken as 17 W/(m2·degree).

By studying formula (16) and expressions (14) and (19) 
for calculating the model parameters, the dependences of 
the heating of the powder tape shell on the welding current 
density and the powder tape filling coefficient were deter­
mined (Fig. 2–4).
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a b

Fig. 2. Calculated heating temperatures of the powder 	
tape shell depending on the density and time of current flow: 

a – powder tape at Kf = 0.3; b – powder tape at Kf = 0.6

 

Fig. 3. Calculated heating curves of the powder tape shell 
depending on the current flow time and the fill factor Kf : 	

1, 2, 3 – current density 20 A/mm2; 4, 5, 6 – current density 
40 A/mm2; 1, 4 – Kf = 0.5; 2, 5 – Kf = 0.3; 3, 6 – Kf = 0

 
 
 

 

 
 
 

 
a b

Fig. 4. Calculated heating curves of the copper shell 	
of the powder tape depending on the density and time 	

of current flow: a – powder tape at Kf = 0.3; 	
b – powder tape at Kf = 0.6

Table 1 gives calculation of the heating temperature of the 
powder tape shell (Kf = 0.6) with and without taking into account 
the heat dissipation by the side surface of the tape protrusion.  
Table 2 gives the calculated values of the relative reduction (in %) 
of the heating temperature of the powder tape shell when the 
heat dissipation of the side surface is taken into account.

Table 1
Powder tape shell heating temperature

α, W/(m2⋅degree) j, A/mm2
Shell heating temperature (°C), 

during heating time (s)
4 6 8 10

17

25 93 139 193 255
30 134 213 313 439
35 190 324 510 763
40 268.5 496 840 1,360

0

25 94 142 198 264
30 136 218 322 456
35 193 332 526 794
40 273 508 868 1,420

Table 2

Relative reduction in the heating temperature of the shell 
when taking into account heat transfer by the lateral surface 

of the powder tape

j, A/mm2
Percentage of temperature decrease during shell 

heating time, s
4 6 8 10

25 1.1 2.2 2.5 3.4
30 1.5 2.3 2.8 3.7
35 1.6 2.4 3.0 3.9
40 1.6 2.4 3.2 4.2

Our results make it possible to calculate the temperature 
at any point of the powder tape when performing the surfac­
ing of composite and complex-alloyed alloys.

To experimentally confirm the mathematical model of 
the thermal state of the powder tape protrusion, studies were 
conducted to determine the heating temperature of the powder 
tape shell depending on the duration of melting process (Fig. 5).

 

Fig. 5. Heating temperature of the powder tape shell 
depending on the current flow time (I = 700 A): 1 – heating 
of the middle part of the copper shell; 2 – heating of the 

locking connection of the copper shell; 3 – calculated heating 
curve of the copper shell; 4 – heating of the middle part of 
the steel shell; 5 – heating of the locking connection of the 

steel shell; 6 – calculated heating curve of the steel shell

Comparison of the calculated values of the average heating 
temperature of the powder tape shell with experimental data 
shows their good agreement. This makes it possible to conclude 
that the calculation scheme is correct and that formulae (14), 
(16), (19) are reasonably accurate for practical purposes.

A study was also conducted to determine the heating 
temperature of the shell metal at the protrusion of the powder 
tape during the melting process. The parameters of the sur­
facing mode with powder tapes manufactured with different 
compression forces are given in Table 3.

Table 3
Surfacing modes

Material
Experi
ment 

number

Powder 
tape rolling 

force, kN

Surfacing modes
Welding 

current I, А
Voltage 

U, V

Powdered tape 
for surfacing 

of sormite 
alloy

1 5 700 31
2 10 700 31
3 15 710 31
4 20 730 30
5 25 750 29

Powdered tape 
for surfacing 

of relite-cupric 
iron alloy

6 5 520 35
7 10 550 34
8 15 580 33
9 20 600 32

10 25 620 32
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The surfacing rate of the high-alloyed alloy sormite was 
30 m/h, and of the composite alloy relite-cupric iron – 16 m/h. 
The length of the measured piece of powder tape was 300 mm, 
the electrode protrusion – 60 mm. The melting rate of the 
powder tape decreases with increasing degree of compression, 
and the heating time of the protrusion of the powder tape with 
a steel shell is 5–6 s, and with a copper shell – 8–10 s (Table 4).

Table 4

Melting rate and heating time of powder tape protrusion

Experiment 
number

Time of  
surfacing s, s

Surfacing 
speed, mm/s

Protrusion 
heating time, s

1 24.2 12.4 4.8
2 28.3 10.6 5.7
3 29.0 10.3 5.8
4 27.8 10.8 5.6
5 28.0 10.7 5.6
6 37.4 8.0 7.5
7 41.6 7.2 8.3
8 45.2 6.6 9.0
9 47.0 6.4 9.4

10 52.7 5.7 10.5

The results of experimental studies of the thermal state of 
the powder tape protrusion depending on the shell material 
are shown in Fig. 6.

 

Fig. 6. Temperature distribution at the protrusion 	
of the powder tape during surfacing: 1 – heating 

temperature of the steel shell (experiment 4); 2 – heating 
temperature of the copper shell (experiment 9)

The results of measuring the heating temperature of the 
powder tape protrusion by welding current showed that the 
heating temperature of the powder tape protrusion with 
a length of 40–80 mm during its melting is in the range of 
400–600 °C for a steel shell, and 300–400 °C for a copper shell.

6. Discussion of results based on the theoretical and 
experimental research into the thermal state of the 

powder tape during surfacing

A feature of the reported mathematical model (16) and ex­
pressions (14), (17) to (19) is the presence of a connecting layer δl 
between the charge and the shell (Fig. 1), namely, taking into 
account the accumulation of heat dQl in the element dl of the 
connecting layer (5). In this case, the specific heat capacity сl 
and the density of the material of the connecting layer γl are 
taken into account. That made it possible to determine the av­
erage temperature of the layer Tl (9). Thus, our mathematical 
model (16) and expressions (14), (17) to (19) make it possible 
to determine the dependence of the heating temperature of 
the shell protrusion not only on the welding current density, 

the size of the fill factor, and the thermophysical properties of 
the shell material and the core but also taking into account the 
thermophysical properties of the connecting layer.

Analysis of the results from computational studies (Fig. 2, 3) 
according to the proposed mathematical model reveals that with 
equal values of welding current and heating time, i.e., the same 
amounts of heat released in the tape shell, the heating tempera­
ture of the powder tape protrusion without charge (Kf = 0) is 
higher than with charge (Kf = 0.3; 0.6). Therefore, part of the heat 
released in the shell is spent on heating the core of the powder 
tape, which reduces the heating temperature of the shell at the 
protrusion of the powder tape.

In addition, our calculations carried out according to the 
proposed analytical expressions show that with an increase in 
the temperature and duration of heating of the powder tape, 
heat losses due to heat dissipation of the side surface increase.

The results of theoretical and computational studies were 
confirmed by experimental data. This indicates the reliability 
of the selected calculation scheme and the possibility of ap­
plying our analytical dependences for the purpose of practical 
assessment of the thermal state of the powder tape at the stage 
of designing the surfacing technology.

From the analysis of experimental results (Fig. 5), it was 
found that the heating temperature along the perimeter of 
the shell is not uniform. In the lock joints, higher heating 
is characteristic than in the central part of the powder tape. 
Moreover, the temperature difference increases uniformly 
with increasing temperature. This can be explained by the 
difference in the current flow along the perimeter of the pow­
der tape shell. More than 30 % of the welding current flows 
through the locks. With increasing current density, the tem­
perature difference along the perimeter of the shell increases. 
At a current density of up to 30 A/mm2, the temperature dif­
ference is up to 100 °C, and in the case of increasing current 
density to 40 A/mm2, the temperature difference at the locks 
and in the center of the tape reaches 250 °C after 5 °C. With 
an increase in the electrical resistance of the shell metal, the 
heating intensity increases.

According to our experimental data on the thermal state 
of the powder tape protrusion (Fig. 6), the heating of the 
protrusion 60 mm long by Joule heat occurs up to 600 °C (in 
the case of a copper shell – up to 400 °C), after which the arc 
radiation begins to exert its influence. At the point of contact 
of the shell with the arc column (at a distance of 2–3 mm 
from the arc), the protrusion temperature rises abruptly to the 
melting temperature. The obtained data are optimal and may 
vary depending on the composition of the filler, the thickness 
of the shell, the size of the tape, the degree of compression of 
the shell and the core.

In the literature [5–12], in contrast to our studies, the in­
fluence of the bonding layer on the temperature distribution 
is not taken into account. However, taking into account the 
presence of the bonding layer is important when predicting 
the quality of the weld metal when surfacing composite and 
complex-alloyed alloys. Thus, when surfacing composite 
alloys, the heating of refractory components of the charge 
is minimized and their transfer to the welding bath without 
melting in the initial state is ensured. When surfacing com­
plex-alloyed alloys, the uniformity of heating and melting of 
the powder electrode is ensured and, accordingly, high chem­
ical homogeneity of the weld metal.

Thus, the assessment of thermal effects taking into ac­
count the bonding layer makes it possible to predict the gen­
eral patterns of the aggregate state, heat and mass transfer, 
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and phase transitions. That makes it possible to calculate the 
direction and limits of physicochemical reactions and outline 
ways to control the power parameters of the powder tape man­
ufacturing process and the characteristics of surfacing mode.

Analytical description of heating patterns makes it possible 
to solve technological problems under industrial conditions 
for improving the quality of the deposited metal, increasing 
the productivity of the process, as well as resource and energy 
saving when surfacing composite and alloyed wear-resistant al­
loys. It makes it possible to determine ways to control the ther­
mal state of the powder electrode according to the following 
options: regulating the heating rate of the shell; changing the 
heat transfer of the shell to the core due to the connecting layer.

The area of further research into the development of the 
model is to take into account the preheating of the powder 
tape from a separate source in the region located above or be­
low the power supply. To implement the model, it is planned 
to develop a software package that could provide quick and ef­
fective visualization of the results of temperature calculation 
at any point on the powder tape protrusion.

7. Conclusions

1. A mathematical model has been built that makes it pos­
sible to determine the dependence of the heating temperature 
of shell protrusion on the welding current density, dimen­
sions, fill factor, and thermophysical properties of the powder 
tape, which takes into account the technological features of 
the electrode manufacturing.

2. According to our results of mathematical modeling, 
it was determined that the heating temperature of the 

powder tape protrusion with a length of 40–80 mm during 
its melting is 400–600 °C for a steel shell, 300–400 °C for 
a copper shell, which is confirmed by experimental data 
and indicates the adequacy of the proposed calculation 
scheme in the mathematical model of the thermal state 
of the protrusion and its reasonable accuracy for practical 
calculations.
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