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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 ps. 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 impact, the temperature of the welded surfaces does not
The main direction for enhancing productivity in €Xceed 0.8 of T, which allows forming a welded joint in

welding manufacturing is the hybridisation of welding the solid phase.

materials, power sources, and various welding methods. The authors of [3] conducted studies to assess
Hybridisation of welding materials involves the simulta- the strength of welded joints considering the condition of
neous use of two or more filler materials in the weld the welded surfaces (mechanical, chemical treatment,
zone, which allows improving weld strength. The feasi- @application of lubricants) using a fixed gap and welding
bility of using hybrid technologies depends on the grades offset distance. Microstructural observations and tensile
of the materials to be welded, their thickness, edge prep- tests showed that the quality of welding depends on
aration, weld length, and susceptibility to cold and hot the surface preparation. The formation of a wavy micro-
cracking. As a rule, hybrid welding methods (laser arc, Structure and intermetallic compounds was verified at
laser plasma, laser induction, etc.) form welded joints in the interface of certain joints. However, these conditions
the liquid phase. Different combinations of hybrid weld- did not guarantee sufficient strength [3]. Before welding,
ing methods produce different widths of the heat- it i necessary to ensure surface preparation up to
affected zone and weld, which allows assessing the ser- the juvenile layers, and for the juvenile surfaces to ad-
vice life of the entire structure [1; 2]. here in the solid phase, the ratio of the process time pa-

To produce welded joints between dissimilar materials, rameters (the first condition) is required [4; 5]:

pulsed welding methods are often used, such as explosion

welding and magnetic pulse welding (MPW). During Lint > Lact Z byl s (1)
these processes, the parts to be welded are accelerated by

the energy of an explosive or magnetic field, and upon
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where fins, taci, trer 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, t,,» 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):

theat + tab + tint < (0’75 - l)T ’ (2)
where #e. is the heating and evaporation time of the surface
layers of the welded parts;
tap 1s the pulsed arc burning time (electroerosive cleaning);
tin 1s the solid-phase interaction (welding) time;

T 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:
R< 2\/Z S
C

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,
H — magnetic flux generated by the inductor coil; Pn — magnetic pressure in the inductor working zone;
1a— discharge current; lina— induced current; Va— pusher displacement velocity
Puc. 1. [Ipunyunuanvhas cxema yCmanogKu 0Jis 8bICOKOBONbMHOU KoHOencamopHou ceapku (BKC):
1 — cenepamop umnynvcuvix mokos (I'UT); 2 — unoykmop;
3 — Oropantomunuesas noonoxcka, 4 — cmanvHol MoaKamens,
5 — npueapusaemulii CmepIHCHe8OU deMenm ¢ MOKON00800AU el KIeMMOU U MEXAHUSMOM KPENIeHuUsl,
6 — ceapusaemasn oemanv,
H — macnummnulii nomox, cozoasaemvlii KAMywKo UHOYKmopa,
Pm — macnumnoe oasnenue 6 paboueil 30ne undykmopa, la — mox paspsoa;
Tina — nasedennwlil uHOyyuposanuwlii mox; Va— ckopocms nepemewjenus moikamens

The magnetic pressure P, during HCW, which brings
the welded parts together, is determined by the expression

vlc o
el .sin’wr, 3)

where k> 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;
C is the capacitance of the capacitor banks;
L, r, are the inductance and active resistance of the dis-
charge circuit, respectively;
o is the angular current frequency;
¢ is time.

Magnetic pressure P, counteracts the vapor pressure
of molten metals (P,.), determined by the empirical
expression [10]:

281
Yoo S

me

B, “

where I, is the discharge current;
me 1 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//=1.3/1.5 mm) and ASM
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 puF, which corresponded to R<68 pOhm.
The HCW parameters are listed in Table 1.

HCW was performed using an Impulse-BM system
(Russia) with an energy capacity of up to 30kJ 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
Taonuuya 1. Ilapamempuo! pescumos BKC

Parameter name Capacitor bank Capacitor bank Input
charging voltage U, V capacitance C, pF energy W, J
Value 18002400 1800 2900-5180
3
vl
\\
\ 2

Fig. 2. Schematic diagram of the optical radiation recording system for the HCW process:
1 — information processing system (AKIP-4126/14 digital storage oscilloscope);
2 — photodiode, 3 — optical fiber, 4 — parts to be welded
Puc. 2. Cxema cucmemvl pecucmpayuu Onmuyecko2o usnydenus npoyecca BKC:
1 — cucmema obpabomxu ungopmayuu (yudposot 3anomunarowuii ocyunrocpag AKHUIT 4126/14);
2 — ¢homoouoo, 3 — onmuueckoe 6010KHO, 4 — ceapusaemvie demanu
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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. P, 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
P,, was estimated using the empirical formula (4). When
welding dissimilar alloys, the 7y 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]:

-1
Pro Cro
E’mp = [1 + #] Prod Crod Vrad ’ (5)

Psh Cs‘h

where Pj»y, is the impact pressure;
Prod> Crod, Vioa are the density, the elastic compression wave
velocity, and the velocity of the rod, respectively;
psn, Csn are the density and the elastic compression wave
velocity of the sheet, respectively.

The impact speed of the parts to be welded (Vi.) was
determined from Newton’s second law:

m

F,t
Vi =22, (©)
mP

where F,, is the magnetic pressure force;
t is the time of the HCW process;
m, is the combined mass of the pusher and the part to be
welded.

The duration ¢, of the impact pressure Pj,, acting on
the welded parts was estimated using formula [20]:

t = 2 lrod

im
Csh

b (7)

where /4 is the length of the rod element.

The impact wave travels both along the P, direction and
the reverse direction, taking into account the velocity of
the elastic compression wave in the sheet Cg.

The reflected wave stress o, experienced by the interface
after the impact of the welded parts equals the disturbing
pressure:

®)

cyref ~ Pimp .

In this case, if G,>Pump, 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

U-125

+273.13, ©9)

meas —

where T 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 Pi,, 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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PCG
Pl 1] B 7 8
e ————— AD8495|

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
Puc. 3. Cxema cucmemvl 0151 usMepeHUss memMnepamypbl i 0AsieHus npu coyoapeHuL.

1, 2 — ceapusaemvie cmepoicerv u aucm; 3, 4 —

mepmonapsl muna K (xpomens — anomens)

0151 UsMepeHUst memMnepamypul u 0agieHus; 5 — OUILeKmpuieckas NOON0NCKd;
6 — uHdyKmop ¢ moaxkamenem, 7 — anano2oswitl ycuiumenv ADE495; 8 — ocyunnoepagd

TK o U,
KA KV il
3273+ 30+ 3.0f
22731 201 2.0t
12731 101 1.0t
0

Fig. 4. Oscillograms of distribution of HCW process parameters:
1 — discharge current (1g); 2 — voltage in discharge circuit (U);
3 — process temperature during arc combustion (T)
Puc. 4. Ocyunnoepammsl pacnpedenenus napamempog npoyecca BKC:
1 —mox paspaoa (1a); 2 — nanpsicenue 6 paspaououi yenu (U);
3 — memnepamypa npoyecca npu 2opetuu oyeu (T)

The I; 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 ps. The current discharge
period is 7=180-200 ps, 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 pus, 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 ps, 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 ps. The process temperature 7, starting at 20 ps,
jumps to its peak value of 2873 K and remains constant
for 60—70 ps. Beginning at 110 ps, a sharp drop is ob-
served and after 200 ps, a gradual decrease in process
temperature to zero at 1500 ps 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

Taonuua 2. Pecucmpupyemvie napamempul pexcumos BKC

Temperature 7, K
Capacitor bank charging voltage U, V Discharge current 1, KA
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
Pm*Pvm.
T, K Pimpi MPa Id'
3801 *A =
6731 5 T 1 65;:_3 30 o : 5 2 {\-\
436.151 e T 7 A W . e N
208.15% =5r 10 A/ )
0 0 0 ™>—-100 300 500 700 t, us
551 tab
1101 47 T i
a
'Dmvam, |
T,K | Pimp» MPa I(dA
3807 |
573.15+ 165+ 30 \_\__#7_1__\\\\ .__2 | 5 8
1101 20 N == /| ]
420.151 .
298.15F 551 —rr= i N
0 0 o 100 300 500 ~—700 t, ps
ab

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

a — reverse; b — direct.

1 — discharge current (1a); 2 — process temperature (T);
3 — magnetic pressure (Pm); 4 — metal vapor pressure (Pmy);
5 —impact pressure (Pimp); tah — arc burning duration
Puc. 5. Ocyunnocpammol napamempos npoyecca BKC npu pasnoii nonsprocmu moxa:
a — oopamuas,; b — npamas.
1 — mox paspsioa (1a); 2 — memnepamypa npoyecca (T);
3 — macnumnoe oasnenue (Pm); 4 — oasnenue napos memanna (Pmy);
5 — oaenenue coyoapenus (Pimp), tab — 8pema copenus oyeu
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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 ps.

For HCW with normal polarity (Fig.5b), the magnetic
pressure in terms of amplitude and time parameters is similar
to HCW under reverse polarity (not shown in Fig. 5b).
The process temperature is characterised by an abrupt increase
in durations within the range of 2044 us; 135-150 ps; and
starting from 525 ps, corresponding to a temperature of
7=420.15 ps. The peak impact pressure is 158 MPa at the
230 ps point, followed by a decrease to 120 MPa within 230—
410 ps. At the 420 ps point, the pressure is zero.

The process temperature during the 0-20 ps interval corre-
sponds to a temperature of 7=298.15 K, increases from 20—
490 ps to 7=436.15 K, followed by an abrupt jump to the peak
value of 7=673.15K lasting 40 us, and then decreases to
7=298.15 K. The metal vapor pressure exhibits an aperiodic
damped form with a duration of 120 us and a peak value of
22 MPa. The impact pressure has a peak value of P;,,=158 MPa
and corresponds to 6,,/~158 MPa with a duration of 110 ps.

The calculation results after substituting numerical values
into formulas (3), (4), and (5) yielded the following pressure
values for HCW: P,=378 MPa, P,,=22 MPa, P;,,~158 MPa.
According to calculations using formulas (6), (7), and (8),
the time was #,~24 s at a velocity of V;,=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 70 indicates a decrease in resistance in
the contact zone of the welded parts. According to Ohm’s
law, the discharge current /; increases, and consequently,
the process temperature 7 (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 Vi, and duration ;.

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 ps, 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 pF (for HCW — 1800 pF) was used.

The impact pressure P, (Fig.5a,b, item5) 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 #;,q is 2.2

times longer than that under reverse polarity .. This is
because the A5M alloy acts as an anode (heating temper-
ature is higher) and is more ductile than the M1 alloy
(HVaA=30 MPa, HVc,=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 Ax=209.3 W/mxK, Ac,=389.6 W/mxK). 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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Annomayusa: llpumeHeHre THOPHIHBIX TEXHOJIOTHH TO3BOJISIET MOBBICUTH IIPOU3BOUTEILHOCT MPOIIECCa CBApKH 3a CUET
CHIDKEHHUS pacxojia CBAPOUHBIX MaTepHalIoB, BDEMEHHBIX 3aTpaT Ha MOATOTOBKY CBapHUBAEMBIX KPOMOK, CHIDKEHHS TEIUIOBIIOXKE-
HUS, @ CJIEIOBATENILHO, BEPOSTHOCTH BO3HUKHOBEHUS TpelyH. CBapKy METAJIOB B PA3HOPOAHOM COYETAHUH (MEIb — AITIOMU-
HHH) 11e71eco00pa3HO OCYIIECTBISITh UMITYJIECHBIMH IIPOLIECCaMHU TIPY TEMITepaTypax HpKe TeMIleparypsl masieHus. B Jlon-
CKOM TOCYAapCTBEHHOM TEXHHYECKOM YHHBEPCHTETE pa3paboTaH Iponecc BRICOKOBOJBTHON KOHIEHCATOPHOW CBAapKH, COYeTa-
FOLLUM TPOLECCHI AIEKTPO3PO3UOHHON OYMCTKH IPU TOPEHMH SNEKTPUUYECKOW TyTM MEXIy CBAPUBAEMBIMU IOBEPXHOCTSIMU,
COMMKEeHNs IeTaeil M BRIIUIECKa PAcIUIABJICHHOTO METaJlIa W3 30HBI CBAPKH C IMOCIEAYIOMICH ITAaCTHIeCKO nedopMarmeit
IOBEHWJIBHBIX NMOBEPXHOCTEN. TepMOCHIIOBOE BO3IEHCTBHE HA CBAPUBAEMBIE IETATIM PEAIM3YETCs [IOCIIEA0BATENBbHBIM BKIIIOYE-
HHUEM MEXaHW3Ma OCAa/IKM CO CBAPHMBACMBIMH ACTAIAMH B paspAAHYIO LICIb I'€HEPATOpa UMITYJILCHBIX TOKOB M HE IMPEBLIIIACT
200 mxc. [TapameTpsl pa3psiqHOTO KOHTYpa (MHAYKTHBHOE M AKTUBHOE COINPOTHBIICHHE, EMKOCTh) MONOOPaHbl TAKMM 00pa3oM,
YTOOBI CBapKa ObLIa OCYIIECTBIICHA CHHYCOUIANTbHBIM 3aTYXAIOIIUM Pa3psiioM 1 00ecredrnBajia HeOOXOAMMBbIE SHEPreTHYECKIE
napameTpbl mporecca (EMKOCTh M HalpsbkeHHe Oarapell KOHIEHCATOpOB), IPOYHOCTHBIE MapaMeTpbl CBapHOTO COCAWHEHUSL.
Paspaborana MeToMKa M3MEPEHUsSI TEMITEpaTyphl HA OCHOBE PErMCTPALU CHIEKTPAILHOTO M3ITydYeHHUs! IPY TOPEHHUH JIyTH, 103~
BOJIAIOIIAS OLIEHUTh TEPMUUECKYIO COCTABILIOLIYIO Mpoliecca CBapKU. PacueTHBIM IMyTeM omperesieHbl JaBlIeHHs: MarHUTHOE,
CO3/1aBaEMOE MEXaHM3MOM OC3JIKH, TTapOB PACIUIABICHHBIX METAJIOB M JIaBJieHHe coyaapeHus. Pa3paboTaHbl METOMKN peru-
CTpalLH TEMIIEPaTyphl U JABJICHUS B CBAPUBAEMBIX JICTAILX TIPU COYJAPEHNH U IutacTiaeckoi nedopmarmu. Iomyuennsie pe-
3y/BTaThl MO3BOJIIOT OLIEHUTh BO3MOXKHOCTh COEIUHEHUS Pa3HOTONIIMHHBIX JeTalell B pa3HOPOIHOM COYETAHUM U3 I[BETHBIX
METAJUIOB TIPH OTPAOOTKE TEXHOJIOTHYECKOTO TPOIIECCca CBAPKH.

Kniouesvie cnosa: KoHAEHCATOpHAs CBapKa; CUCTEMa pPErMCTpallM; CXeMa IpoLecca; TEMIEpaTypa; IaBJICHHUE; TOK
paspsaa; HanpsHKEHHUE; UHAYKTOP
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