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Abstract: The application of hybrid technologies allows improving welding productivity by reducing welding material con-

sumption, edge preparation time, heat input, and, consequently, the probability of crack formation. Welding of dissimilar metal 

combinations (copper – aluminum) is best performed using pulsed processes at temperatures below the melting point. A high-

voltage capacitor welding process has been developed at Don State Technical University. This process combines several stages: 

electroerosive cleaning during the burning of an electric arc between the weld surfaces, the convergence of the parts, and  

the splashing of molten metal from the weld zone followed by plastic deformation of the juvenile surfaces. Thermal force im-

pact on the welded parts is implemented by connecting sequentially the upset mechanism together with the welded parts into 

the discharge circuit of a pulse current generator, with the total duration not exceeding 200 μs. The discharge circuit parameters 

(inductive and active resistance, capacitance) were selected to enable welding by means of a damped sinusoidal discharge and 

to ensure the necessary process energy parameters (capacitor bank capacitance and voltage) and the strength characteristics of 

the welded joint. A temperature measurement technique based on recording spectral radiation during arcing was developed, 

which allows evaluating the thermal component of the welding process. Following pressures were calculated: magnetic pres-

sure, pressure generated by the upset mechanism, pressure of molten metal vapor, and impact pressure. Methods for recording 

the temperature and pressure in the welded parts during impact and plastic deformation were developed. The obtained results 

allow evaluating the feasibility of joining parts of different thicknesses and heterogeneous combinations of non-ferrous metals 

during the development of the welding process. 
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INTRODUCTION 

The main direction for enhancing productivity in 

welding manufacturing is the hybridisation of welding 

materials, power sources, and various welding methods. 

Hybridisation of welding materials involves the simulta-

neous use of two or more filler materials in the weld 

zone, which allows improving weld strength. The feasi-

bility of using hybrid technologies depends on the grades 

of the materials to be welded, their thickness, edge prep-

aration, weld length, and susceptibility to cold and hot 

cracking. As a rule, hybrid welding methods (laser arc, 

laser plasma, laser induction, etc.) form welded joints in 

the liquid phase. Different combinations of hybrid weld-

ing methods produce different widths of the heat-

affected zone and weld, which allows assessing the ser-

vice life of the entire structure [1; 2].  

To produce welded joints between dissimilar materials, 

pulsed welding methods are often used, such as explosion 

welding and magnetic pulse welding (MPW). During 

these processes, the parts to be welded are accelerated by 

the energy of an explosive or magnetic field, and upon 

impact, the temperature of the welded surfaces does not 

exceed 0.8 of Tmelt, which allows forming a welded joint in 

the solid phase. 

The authors of [3] conducted studies to assess  

the strength of welded joints considering the condition of 

the welded surfaces (mechanical, chemical treatment, 

application of lubricants) using a fixed gap and welding 

offset distance. Microstructural observations and tensile 

tests showed that the quality of welding depends on  

the surface preparation. The formation of a wavy micro-

structure and intermetallic compounds was verified at 

the interface of certain joints. However, these conditions 

did not guarantee sufficient strength [3]. Before welding, 

it is necessary to ensure surface preparation up to  

the juvenile layers, and for the juvenile surfaces to ad-

here in the solid phase, the ratio of the process time pa-

rameters (the first condition) is required [4; 5]: 

 

relactint ttt  ,                           (1)
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where tint, tact, trel are the time parameters of interaction, 

activation, and relaxation of the welded surfaces, re-

spectively. 

This condition (1) includes the energy and electrical 

parameters of the pulsed processes, the geometric pa-

rameters of the assembly, and the parameters of the in-

duction-dynamic drive [5; 6]. The activation time de-

pends on the physicochemical state of the surfaces at  

the moment of physical contact and the magnitude of 

plastic deformation of the welded materials in the con-

tact zone. The relaxation time depends on the relaxation 

characteristics of the materials and the process tempera-

ture in the weld zone. The interaction (welding) time 

depends on the technological method of the pulsed pro-

cess and the speed of sound in the alloys to be welded. 

Thus, in [7], the strength relationships for cylindrical 

welded joints of dissimilar metals “aluminium – steel” 

were established depending on the speed and angle of 

impact, radial gap, lap length, and discharge voltage of 

the capacitor banks. The relationships between radial gap 

and voltage have been determined, enabling the produc-

tion of welded joints with lower input energy. 

Typically, tint does not exceed a few hundred micro-

seconds, and pressure reaches 107 Pa. These parameters 

characterise high-voltage capacitor welding (HCW), de-

veloped at the Don State Technical University. HCW 

hybrid technology combines pulsed arc burning process-

es similar to flash butt welding and forge welding upon 

collision of heated surfaces due a magnetic field generat-

ed in an inductor, which is part of the discharge circuit of 

the power source (pulse current generator (PCG)) and 

the welded parts. 

To reduce the cost and time required for experimental 

research, software products such as ANSYS, MARC, 

SPOTSIM, SYSWELD, BAZIS, LS-DYNA, and others 

have been developed to analyse the components of explo-

sion welding and MPW, including thermal processes, de-

formations, and stresses. Unfortunately, the proposed 

products cover only the most common welding methods 

for simulating the processes. However, the current devel-

opment vector in welding production is focused on re-

searching and implementing hybrid welding methods, 

which are challenging to model due to numerous simulta-

neously changing factors. 

The modeling methods used for less common welding 

techniques (such as projection welding and capacitor dis-

charge welding) are primarily represented by highly spe-

cialised software at the academic research level, as seen in 

dissertation works [8; 9]. Considering the specific nature of 

the HCW process, none of the developed software products 

allows simulating the pulsed HCW process. First, it is nec-

essary to conduct a full-scale experiment with a time com-

parison of all thermomechanical processes. 

The process of HCW is implemented according to  

the diagram shown in Fig. 1. The HCW setup consists of: 

– PCG, which includes a charging unit (step-up trans-

former, rectifier, controlled bridge), an energy storage de-

vice (capacitor bank), and a switching unit (commutating 

control spark gap switch with ignition unit; 

– a magnetic upset mechanism consisting of a flat in-

ductor (includes a dielectric bandage with an Archimedean 

flat spiral in it), a steel pusher with a duralumin substrate, 

and a clamping mechanism for the weldable rod element 

with current-supply terminal. 

Due to series connection of the capacitor banks with 

the inductor and the welded parts, a synchronous thermal 

force effect on the weld zone is achieved. A more de-

tailed description of the physical nature of the process is 

presented in [10]. Four stages of the HCW process have 

been identified, including: 1) breakdown of the interelec-

trode gap (when an initial gap exists between the parts), 

2) arc initiation, 3) electroerosive cleaning, 4) conver-

gence of the parts and molten metal splashing from  

the weld zone, followed by plastic deformation of juve-

nile surfaces. The reliability of the developed process 

stages was established using modern recording equip-

ment, including high-speed photo recording of the ther-

modynamic impact on the welded parts (CORDIN 505 

camera). The kinetics of the pusher movement in the 

magnetic field of an induction-dynamic drive was stud-

ied using a Phantom high-speed camera. 

All process stages (1–4) occur during the first period of 

current discharge (the second condition): 

 

 Tttt intabheat 175,0  ,                    (2) 

 

where theat is the heating and evaporation time of the surface 

layers of the welded parts;  

tab is the pulsed arc burning time (electroerosive cleaning);  

tint is the solid-phase interaction (welding) time;  

Т is the period of the capacitive storage unit discharge onto 

the inductor coil and the welded parts. 

The authors of [11] obtained oscillograms of the MPW 

process: discharge current and magnetic pressure, which 

were used to calculate the change in the discharge circuit 

parameters R, L, and C during welding, which will allow 

predicting the current pulse shapes for the inductors 

used. In the main experimental series of HCW, the dis-

charge circuit parameters R, L, and C were selected to 

produce a damped sinusoidal current while satisfying  

the condition: 

 

C

L
R 2 , 

 

where R is the active resistance of the discharge circuit; 

L is the inductance of the discharge circuit; 

C is the capacitance of the capacitor banks. 

In [12], the MPW process was optimised by 

determining the minimum input energy based on  

the magnitude of the molten metal splash at a minimum 

distance between the welded parts and the required angle 

of their impact, which allows increasing the service life 

of the inductor. The discharge current and voltage during 

the process of HCW were recorded using a digital 

oscilloscope connected to a short-circuited coil  

(a Rogowski coil) and a voltage divider. By comparing 

the current flow time and its amplitude with the results 

of high-speed photographic recording, it is possible to 

determine the duration of individual stages and their 

contribution to achieving a permanent joint. 
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Fig. 1. Schematic diagram of the high-voltage capacitor welding (HCW) setup: 

1 – pulse current generator (PCG); 2 – inductor; 3 – duralumin substrate; 4 – steel pusher;  

5 – welded rod element with current-carrying terminal and fastening mechanism; 

Н – magnetic flux generated by the inductor coil; Pm – magnetic pressure in the inductor working zone;  

Id – discharge current; Iind – induced current; Vd – pusher displacement velocity 

Рис. 1. Принципиальная схема установки для высоковольтной конденсаторной сварки (ВКС): 

1 – генератор импульсных токов (ГИТ); 2 – индуктор;  

3 – дюралюминиевая подложка; 4 – стальной толкатель;  

5 – привариваемый стержневой элемент с токоподводящей клеммой и механизмом крепления;  

6 – свариваемая деталь; 

Н – магнитный поток, создаваемый катушкой индуктора; 

Pm – магнитное давление в рабочей зоне индуктора; Id – ток разряда;  

Iind – наведенный индуцированный ток; Vd – скорость перемещения толкателя 

 

 

 

The magnetic pressure Pm during HCW, which brings 

the welded parts together, is determined by the expression 

 

te
L

CU
kP L

tr

m

a

 2
2

2 sin ,                      (3) 

 

where k2 is a coefficient accounting for the relationship 

between the geometric parameters of the inductor and  

the welded parts;  

U is the charging voltage of the capacitor banks;  

С is the capacitance of the capacitor banks;  

L, ra are the inductance and active resistance of the dis-

charge circuit, respectively;  

ω is the angular current frequency;  

t is time. 

Magnetic pressure Pm counteracts the vapor pressure 

of molten metals (Pmv), determined by the empirical 

expression [10]: 

 

Sr

I
P

me

d
mv

228
 ,                                  (4) 

 

where Id is the discharge current;  

rme is the heat of metal evaporation;  

S is the contact surface area of the welded joint. 

Despite comprehensive knowledge of the process 

achieved through modern recording equipment, record-

ing the temperature during arc combustion and after its 

extinguishing, as well as recording the pressure during 

the plastic deformation and solid-phase interaction stag-

es, is of interest. Spectral radiation was recorded using 

two-color pyrometry to determine the temperature in  

the welding zone. The optical radiation during arc com-

bustion was recorded and then compared with Planck’s 

blackbody radiation [13]. In [14], it was shown that  

the error of this method was 2 % for the temperature shift 

and 3–8 % for the amplitude of temperature fluctuations 
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during heating of the test samples. The authors [15] used 

two-color pyrometry for thermo-structural experiments 

in thermal radiation environments, followed by an analy-

sis of thermo-structural stresses. The obtained results 

allowed eliminating the effects of background radiation 

reflection and unknown emissivity coefficients using  

the least-squares algorithm. 

An analysis of literature data on similar pulse 

processes revealed that the primary sensors for recording 

temperature and pressure are Fe–Ni, Cu–Ni, and Cu–

constantan thermocouples, which enable the recording of 

thermal electro-motive force (EMF) in the microsecond 

range [16]. The physical parameters determining  

the state of metals in the impact zone and, consequently, 

their bonding process, are pressure and temperature, 

which induce plastic deformation of the welded parts. 

Thus, in explosion welding, thermocouples are placed in 

recesses of the plate lower to be welded. Upon impact, 

the metal in the contact zone with the thermocouple 

undergoes plastic deformation, and a signal in the form 

of thermal EMF is recorded on the oscilloscope. A more 

detailed description of measurements during explosion 

welding, MPW, resistance butt welding, and flash 

welding using thermocouples is provided in [17].  

In the case of HCW, a particular challenge lies in the 

placement of thermocouples, and external magnetic fields 

complicate the acquisition of a high-quality signal [18]. 

The goal of the work is to develop a system for recording 

the parameters of high-voltage capacitor welding modes 

during the electric arc combustion, plastic deformation, and 

solid-phase interaction stages. 

METHODS 

Alloys under study 

For welding, rod elements made of M1 alloy (GOST 

1535-2006) with a diameter of 10 mm and a projection on 

the end face (diameter/length d/l=1.3/1.5 mm) and A5M 

alloy sheets (GOST 21631-2019) with a thickness of 2 mm 

were used.  

Equipment and instruments 

Discharge current and its duration were recorded 

using a Rogowski coil, and arc voltage was measured 

using a voltage divider. Temperature was determined 

from the optical radiation intensity. HCW was performed 

with both reverse polarity (rod is “+”, plate is “−”) and 

direct polarity. 

To ensure a damped sinusoidal current, the following 

discharge circuit parameters were set: discharge circuit 

inductance is L=1800–2100 nH, capacitor bank capacitance 

is C=1800 μF, which corresponded to R<68 μOhm.  

The HCW parameters are listed in Table 1. 

HCW was performed using an Impulse–BM system 

(Russia) with an energy capacity of up to 30 kJ and  

a natural frequency of 20 kHz. Oscillography of the pulse 

process parameters was performed using an AKIP 4126/1A 

digital storage oscilloscope (Russia). 

Temperature recording methodology 

Arc radiation during combustion was recorded using 

a two-color pyrometry method according to the follow-

ing scheme (Fig. 2). The measurement system consisted 

 

 

 
Table 1. Parameters of HCW modes 

Таблица 1. Параметры режимов ВКС 

 

 

Parameter name 
Capacitor bank  

charging voltage U, V 

Capacitor bank  

capacitance C, μF 

Input  

energy W, J 

Value 1800–2400 1800 2900–5180 

 

 

 

 

 

Fig. 2. Schematic diagram of the optical radiation recording system for the HCW process: 

1 – information processing system (AKIP-4126/1A digital storage oscilloscope);  

2 – photodiode; 3 – optical fiber; 4 – parts to be welded 

Рис. 2. Схема системы регистрации оптического излучения процесса ВКС: 

1 – система обработки информации (цифровой запоминающий осциллограф АКИП 4126/1А);  

2 – фотодиод; 3 – оптическое волокно; 4 – свариваемые детали 
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digital storage oscilloscope), a photodiode (a FEU-175M 

photomultiplier tube, Russia) connected to an optical of 

an information processing system (AKIP-4126/1A fibre 

(5 mm diameter GVOZh light guide), whose end face 

was positioned 30–50 mm from the welding zone and  

the parts being welded. 

Methodology for calculating pressure  

during the stage of plastic deformation  

and solid-phase interaction of welded parts 

During HCW, several pressure types were distin-

guished. Pm represents the magnetic pressure generated 

in the inductor’s working zone and acting on one of  

the parts being welded. This parameter was determined 

by calculation using formula (3). 

During arc combustion, molten metal vapor is 

generated, which counteracts the magnetic pressure and 

also contributes to the expulsion of the molten metal pool 

from the welding zone. The molten metal vapor pressure 

Pmv was estimated using the empirical formula (4). When 

welding dissimilar alloys, the rme of the alloy with  

the lowest melting point was taken into account.  

During the collision of the welding surfaces,  

the compressive pressure of the juvenile surfaces was taken 

into account. The authors of reference [19] found that under 

high-temperature impact conditions, the inertial terms in  

the continuum equations exceed the strength terms, and  

the metal is treated in calculations as an ideal fluid. Since 

pressure decreases due to elastic deformation upon collision 

of the welded parts, correction factors accounting for  

the thermophysical properties of the materials being welded 

were proposed in [20]: 

 

rodrodrod

shsh

rodrod
imp VC

C

C
P 



















1

1 ,            (5) 

 

where Pimp is the impact pressure;  

ρrod, Сrod, Vrod are the density, the elastic compression wave 

velocity, and the velocity of the rod, respectively; 

ρsh, Сsh are the density and the elastic compression wave 

velocity of the sheet, respectively. 

The impact speed of the parts to be welded (Vim) was 

determined from Newton’s second law: 

 

p

m
m

m

tF
V i ,                                 (6) 

 

where Fm is the magnetic pressure force;  

t is the time of the HCW process; 

mp is the combined mass of the pusher and the part to be 

welded. 

The duration tim of the impact pressure Pimp acting on  

the welded parts was estimated using formula [20]: 

 

sh

rod
im

C

l
t

2
 ,                                 (7) 

 

where lrod is the length of the rod element. 

The impact wave travels both along the Pm direction and 

the reverse direction, taking into account the velocity of  

the elastic compression wave in the sheet Сsh. 

The reflected wave stress σref experienced by the interface 

after the impact of the welded parts equals the disturbing 

pressure: 

 

impref P .                                 (8) 

 

In this case, if σref>Pimp, the metal bonds will be 

destroyed and the weld joint will not be formed. 

Methodology for recording temperature and pressure 

upon collision of parts to be welded 

The system for recording temperature after arc 

quenching and pressure (Fig. 3) consisted of type K 

thermocouples (chromel – alumel), as they are character-

ised by the lowest inertia. The thermocouples were 

connected to an analog amplifier and a data processing 

system. An AD8495 amplifier was used to reduce noise and 

amplify the signal from the pulsed process. A K-type 

thermocouple was installed 3 mm from the welding zone in 

a blind hole within the welding rod. The bottom 

thermocouple was mounted in a dielectric substrate with  

a milled groove for the junction. The sheet to be welded 

was placed on top and clamped by an inductor and pusher 

through the rod [17; 18]. 

The operating principle of the AD8495 amplifier for  

the K-type thermocouple involved generating an output 

voltage signal U proportional to the temperature with  

a resolution of 5 mV/°C. The temperature was 

determined from the measured sensor output voltage 

using the equation 

 

13.273
005.0

25.1




U

Tmeas ,                      (9) 

 

where Tmeas is the measured temperature, K; 

U is the thermocouple signal in V. 

Using the HCW recording systems (Fig. 2 and Fig. 3), 

the distribution of process parameters during stages 3 and 4 

(Fig. 4) was obtained. 

To confirm that the thermocouple was recording  

the impact pressure Pimp and not the plate heating tem-

perature, additional experiments were conducted. The 

impact was generated using a magnetic upset mecha-

nism, without connecting the parts to the Impulse–BM 

discharge circuit. The thermocouple was positioned un-

der the plate. As a result, signal variations from the 

thermocouple were recorded, similar in process duration 

but different in amplitude compared to the main experi-

mental series, since no energy was expended on heating 

the joint zone by an electric arc. 

 

RESULTS 

Fig. 4 shows the oscillograms of distribution of  

the discharge current, voltage in the discharge circuit, and 

process temperature during the electric arc combustion. 
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Fig. 3. Schematic illustration of the temperature and pressure measurement system during impact:  

1, 2 – rod and sheet to be welded; 3, 4 – type K thermocouples (chromel – alumel)  

for temperature and pressure measurement; 5 – dielectric substrate;  

6 – inductor with pusher; 7 – AD8495 analogue amplifier; 8 – oscilloscope 

Рис. 3. Схема системы для измерения температуры и давления при соударении:  

1, 2 – свариваемые стержень и лист; 3, 4 – термопары типа К (хромель – алюмель)  

для измерения температуры и давления; 5 – диэлектрическая подложка;  

6 – индуктор с толкателем; 7 – аналоговый усилитель AD8495; 8 – осциллограф 

 

 

 

 

 

Fig. 4. Oscillograms of distribution of HCW process parameters: 

1 – discharge current (Id); 2 – voltage in discharge circuit (U);  

3 – process temperature during arc combustion (T) 

Рис. 4. Осциллограммы распределения параметров процесса ВКС: 

1 – ток разряда (Id); 2 – напряжение в разрядной цепи (U);  

3 – температура процесса при горении дуги (T) 

 

 

 

The Id current waveform is characterised by a sinusoidal 

damped discharge with an amplitude in the first half-

wave of 32 kA at a time of 100 μs. The current discharge 

period is T=180–200 μs, which corresponds to a dis-

charge circuit inductance of 1800 and 2100 nH, respec-

tively. Voltage U is characterised by an amplitude value 

of 2400 V, which corresponds to the charging voltage of 

the capacitor banks. In the range of 0–20 μs, a step-like 

voltage drop is observed. Subsequently, the voltage 

waveform follows a damped sinusoidal discharge pat-

tern. At a peak voltage of 2400 V and within the time 

interval of 0–5 μs, the discharge current is zero. When 

the voltage crosses zero, the discharge current reaches its 

peak value. When the discharge current crosses zero,  

the voltage is at its peak of 1400 V at a process time of 

200 μs. The process temperature T, starting at 20 μs, 

jumps to its peak value of 2873 K and remains constant 

for 60–70 μs. Beginning at 110 μs, a sharp drop is ob-

served and after 200 μs, a gradual decrease in process 

temperature to zero at 1500 μs is observed. The recorded 

parameters of the HCW process are presented in Table 2. 

The oscillograms of HCW process parameters for re-

verse and direct polarity are shown in Fig. 5 a, b. During 

HCW with reverse polarity (Fig. 5 a), the magnetic pressure 
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Table 2. Recorded parameters of HCW modes 

Таблица 2. Регистрируемые параметры режимов ВКС 

 

 

Capacitor bank charging voltage U, V Discharge current Id, kA 
Temperature T, K 

Reverse polarity Direct polarity 

1800 28.0 2973±373 3073±373 

2100 35.0 2873±373 2823±373 

2400 38.6 2873±373 3023±373 

 

 

 

 

 

 

a 

 

b 

Fig. 5. Oscillograms of HCW process parameters at different current polarities: 

a – reverse; b – direct. 

1 – discharge current (Id); 2 – process temperature (T); 

3 – magnetic pressure (Pm); 4 – metal vapor pressure (Pmv);  

5 – impact pressure (Pimp); tab – arc burning duration 

Рис. 5. Осциллограммы параметров процесса ВКС при разной полярности тока:  

a – обратная; b – прямая. 

1 – ток разряда (Id); 2 – температура процесса (Т); 

3 – магнитное давление (Pm); 4 – давление паров металла (Pmv);  

5 – давление соударения (Pimp); tab – время горения дуги 
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is characterised by an aperiodic oscillatory damped sinusoidal 

discharge in the positive half-wave. The amplitude of the first 

magnetic pressure wave is 378 MPa with a duration of 200 μs.  

For HCW with normal polarity (Fig. 5 b), the magnetic 

pressure in terms of amplitude and time parameters is similar 

to HCW under reverse polarity (not shown in Fig. 5 b).  

The process temperature is characterised by an abrupt increase 

in durations within the range of 20–44 μs; 135–150 μs; and 

starting from 525 μs, corresponding to a temperature of 

T=420.15 μs. The peak impact pressure is 158 MPa at the 

230 μs point, followed by a decrease to 120 MPa within 230–

410 μs. At the 420 μs point, the pressure is zero. 

The process temperature during the 0–20 μs interval corre-

sponds to a temperature of T=298.15 K, increases from 20–

490 μs to T=436.15 K, followed by an abrupt jump to the peak 

value of T=673.15 K lasting 40 μs, and then decreases to 

T=298.15 K. The metal vapor pressure exhibits an aperiodic 

damped form with a duration of 120 μs and a peak value of 

22 MPa. The impact pressure has a peak value of Pimp=158 MPa 

and corresponds to σref≈158 MPa with a duration of 110 μs. 

The calculation results after substituting numerical values 

into formulas (3), (4), and (5) yielded the following pressure 

values for HCW: Pm=378 MPa, Pmv=22 MPa, Pimp=158 MPa. 

According to calculations using formulas (6), (7), and (8),  

the time was tim=24 μs at a velocity of Vim=15.5 m/s. 

 

DISCUSSION 

Analysis of the HCW process oscillogram (Fig. 4) re-

vealed the following. The voltage drop (Fig. 4, item 2) 

starting from t>0 indicates a decrease in resistance in  

the contact zone of the welded parts. According to Ohm’s 

law, the discharge current Id increases, and consequently, 

the process temperature T (Fig. 4, item 3) also rises,  

the electric arc burns, and the process of electroerosive 

cleaning of the welded surfaces occurs. When the discharge 

current crosses zero, the rate of temperature decrease T 

slows down by (0.5÷0.75)T (where T is the process period), 

indicating the arc gap closure and the impact process onset 

with a velocity Vim and duration tim. 

Similar waveforms of discharge current pulses, pro-

cess temperature with different amplitudes and durations 

have been obtained by other researchers [12; 21].  

The main difference lies in the peak values of the pulse 

shapes, as these studies performed aluminium-to-steel 

welding at energies 1.5 times higher (5.1–6.3 kJ).  

The discharge current of 326–338 kA is an order of mag-

nitude higher than that of the HCW process, as a high-

frequency unit is used for MPW. The MPW process dura-

tion is 190 μs, which is 1.7 times longer than that of 

HCW. This is due to the larger initial gap between  

the parts to be welded (2 mm for MPW and 1.5 mm for 

HCW). In reference [11], the discharge current and volt-

age were recorded, which differ only in amplitude and 

duration, as energy storage devices with a capacity of 

148 μF (for HCW – 1800 μF) was used. 

The impact pressure Pimp (Fig. 5 a, b, item 5) is  

the same in amplitude regardless of the current polarity, 

as it depends on the properties of the materials to be 

welded and the welding modes, formula (5). In terms of 

duration, the impact time under direct polarity timd is 2.2 

times longer than that under reverse polarity timr. This is 

because the A5M alloy acts as an anode (heating temper-

ature is higher) and is more ductile than the M1 alloy 

(HVAl=30 MPa, HVCu=95 MPa), therefore its defor-

mation processes are more intense. 

In HCW with reverse polarity, the process temperature 

T (Fig. 5 a, item 2) is higher than with direct polarity. This 

is explained by the different heat input and different ther-

mophysical properties of the alloys to be welded (thermal 

conductivity λAl=209.3 W/m×K, λCu=389.6 W/m×K). Thus, 

under reverse polarity (“+” on the rod), more heat is gener-

ated on the M1 alloy rod. 

The scientific novelty of this work lies in establishing 

the relationship between the parameters of heating, conver-

gence, plastic deformation, and solid-phase interaction 

throughout all stages of the HCW process. 

 

CONCLUSIONS 

A system of pulse process matching devices has been de-

veloped for recording temperature using two-color pyrometry 

during arc combustion in the microsecond duration range. 

A methodology has been proposed for calculating pres-

sures during the stage of plastic deformation and solid-

phase interaction of welded parts, which accounts for the 

thermophysical properties of the materials being welded, 

the speed of sound, and the displacement of a welded part 

of a given mass. 

A system has been developed for recording the tempera-

ture after arc quenching and the pressure upon impact and 

plastic deformation of the welded surfaces. 

The obtained results enable the assessment of metal welda-

bility considering their thermophysical properties and thickness-

es, as well as expand the capabilities for studying high-speed 

processes of plastic deformation and solid-phase interaction. 
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Аннотация: Применение гибридных технологий позволяет повысить производительность процесса сварки за счет 

снижения расхода сварочных материалов, временных затрат на подготовку свариваемых кромок, снижения тепловложе-

ния, а следовательно, вероятности возникновения трещин. Сварку металлов в разнородном сочетании (медь – алюми-

ний) целесообразно осуществлять импульсными процессами при температурах ниже температуры плавления. В Дон-

ском государственном техническом университете разработан процесс высоковольтной конденсаторной сварки, сочета-

ющий процессы электроэрозионной очистки при горении электрической дуги между свариваемыми поверхностями, 

сближения деталей и выплеска расплавленного металла из зоны сварки с последующей пластической деформацией 

ювенильных поверхностей. Термосиловое воздействие на свариваемые детали реализуется последовательным включе-

нием механизма осадки со свариваемыми деталями в разрядную цепь генератора импульсных токов и не превышает 

200 мкс. Параметры разрядного контура (индуктивное и активное сопротивление, емкость) подобраны таким образом, 

чтобы сварка была осуществлена синусоидальным затухающим разрядом и обеспечивала необходимые энергетические 

параметры процесса (емкость и напряжение батарей конденсаторов), прочностные параметры сварного соединения. 

Разработана методика измерения температуры на основе регистрации спектрального излучения при горении дуги, поз-

воляющая оценить термическую составляющую процесса сварки. Расчетным путем определены давления: магнитное, 

создаваемое механизмом осадки, паров расплавленных металлов и давление соударения. Разработаны методики реги-

страции температуры и давления в свариваемых деталях при соударении и пластической деформации. Полученные ре-

зультаты позволяют оценить возможность соединения разнотолщинных деталей в разнородном сочетании из цветных 

металлов при отработке технологического процесса сварки. 

Ключевые слова: конденсаторная сварка; система регистрации; схема процесса; температура; давление; ток 

разряда; напряжение; индуктор 
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