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EXPANSION OF CYLINDRICAL TUBULAR WORKPIECES ON HIGH-VOLTAGE
MAGNETIC-PULSE INSTALLATION WITH CONTROLLED VACUUM DISCHARGER

Purpose. An experimental verification of the existence of a range of values for the parameters of the capacitive energy storage of
the magnetic-pulse installations with controlled vacuum discharger, in which, with a high probability, there is a «cuty of the
discharge current pulses and the expansion of cylindrical thin-walled tubular workpieces using an external coil. Methodology.
High voltage magnetic-pulse installation of NTU «KhPI» with controlled vacuum discharger, multiturn coil with inside
dielectrical die and inside aluminum alloy workpiece are used. The capacitance and charge voltage of capacitive energy storage
are changed. Discharge current pulses are measured by Rogowski coil and the oscillograph. Results. Parts of complicated shape
are made by expansion of cylindrical tubular workpieces with help of external coil. Pressed metallic tubular part is removable
from inner dielectric rod. Originality. The frequency of «cuty» pulse is defined by negative magnetic field pressure amplitude. It is
shown that we must coordinate this frequency and charge voltage with capacitive storage parameters by high probability of pulse
«cuty. Practical value. It is shown how to use installations with controlled vacuum dischargers in magnetic forming technology
based on «cuty pulses. References 17, tables 2, figures 5.

Key words: high-voltage magnetic-pulse installations, capacitive energy storage, controlled vacuum discharger, current pulse
«cuty, probability of «cut», external coil, expansion of cylindrical tubular workpiece, part of complicated shape.

Mema. Memoio pobomu € excnepumeHmMaibHA NePeipKa ICHYSAHHS 30HU NAPAMEMPI8 EMHICHO20 HA2POMAOICY8aua eHepeii
MASHIMHO-IMNYIbCHOI YCMAMKOBUHU 3 KEePOBAHUM BAKYYMHUM PO3IPAOHUKOM, 8 KOMPIU 3 8UCOKOIO IMOSBIpHICMIO 8i00y8acmbCs
«3pi3» IMRYIbCI8 pPO3PAOHO20 CMPYMY mMA POWUPEHHA YUTIHOPUYHUX MOHKUX MPYyOuacmux 3a20migoK 3d OONOMO20I0
306HIWHBLO2O [HOYKmMopa. Memoouka. Bukopucmano 6ucokogoibmuy machimuo-imnynvcry yemamrosuny HTY «XIII» 3
KepoBaHuM 6aKyyMHUM PO3PAOHUKOM ma 0a2amosumxosull iHOYKMop, ycepeouni Kompo2o 0yn0 posmiujeno OieleKmpuyHy
mMampuyio i 3a20Mmi6Ky 3 ANOMIHIEG020 cmony. 3MiHI08ANU EMHICIb A 3aPAOHY Hanpyey Hazpomaoddcysada ewepeii. Imnyrvcu
PO3PAOHO20 CIMPYMY BUMIPIO6AAU 3a 00NOMO2010 hoscy Pozoecvrkozo ma peccmpysanu ocyunozpagom. Pesynomamu. Maenimno-
IMRYIbCHUM PO3UWUPEHHAM YUIIHOPUUHUX 3d20MIBOK 3d OONOMO20I0 308HIUHBbO20 [HOYKMOPA OMPUMAHO 0emai CKIa0HOT ¢popmu
ma 30itlicHeHo 3HAmms mMemanegoi demani, wjo byna nanpecogana Ha odienekmpuynuti cmpudicens. Haykoea nosusna. Iloxasano,
Wo wacmomy iMRYIbCY, WO «3Pi3A€mbCsy, npu KOmpil amnaimyoa 6i0 €eMHO20 MUCKY MA2HIMHO20 NOJiA HAOIUNCAEMbCA 00
MAKCUMATLHOL, @ MAKONC 3aPAOHY HANpyey He0OXIOHO Y3200H4CY8amu 3 NApAMempamy EMHICHO20 HAZPOMAaoX Cy8aua eHepeii, npu
AKUX 3 UCOKOIO IMOGipHicmio 6i0byseacmuvca «3pi3» imnyavcy. Ilpakmuune 3nauenna. Pesynomamu ma pexomenoayii, ujo
OMPUMAHO, MOJCYMb OYMU SUKOPUCMAHO ) MACHIMHO-IMIYIbCHUX MEXHON02IAX HA YCMAMKOSUHAX 3 KePOBAHUMU BAKYYMHUMU
po3psonukamu. bion. 17, Tabn. 2, puc. 5.

Kniouogi cnosa: BUCOKOBOJIBTHA MAarHITHO-iMIYJIbCHA YCTATKOBHHA, €MHICHHII HarpoMai:KyBad eHeprii, KepoBaHuUii
BaKYYMHMii PO3pPAIHMK, «3pi3» iMIyJbcy cTpymy, iMOBipHicTBH «3pi3y», 30BHilIHIN iHAYKTOpP, PO3IIMpPEeHHs LMJIIHIPUYHOI
TpyOuaToi 3aroTiBKH, 1eTaJIb CKJIAJIHOI opMu.

Leny. Llenvio pabomvl agnsiemcs IKCnepUMeHMANbHAas NPOGepKa CYuecmeosanus 001acmu 3HaYeHUll Napamempos eMKOCHHO20
Hakonumens dHepaul MASHUMHO-UMNYIbCHOU YCMAHOBKU C YNPABAEMbIM 6AKYYMHbIM DA3PAOHUKOM, 6 KOMOPOU C BblCOKOU
6EPOSIMHOCIBIO NPOUCXOOUNT (CPE3» UMNYILCO8 PA3PAOHO20 MOKA U pacuiupenue YUnUHOPULeCKUX MOHKOCHEHHbIX Mmpyouamvix
3a20MOB0K Npu NOMOWU BHewHe20 unoykmopa. Memoouka. JKkcnepumenmul ObLIU NPOBEOEHbl HA BbICOKOBOILIMHOU MACHUMHO-
umnynvcHoti ycmanoske HTY «XIIH», ochawennoil ynpagnaemvim 8aKYYMHbIM pA3pAOHUKoM. Hcnoavsosanu MHO208UMKOGbIl
UHOYKMOP, 6HYMPb KOMOPO20 NOMEWANACs OUINeKMPULECKA MAMPUYA U 3a20Mo6Kd U3 artoMUHUe8020 cniasd. M3mensanu emkocms
u 3aps0noe HanpsadjiceHue Haxonumensi dHepeuu. Mmnyavbcel paspaonoco moka usmepanu npu nomowu nosca Pozoeckoco u
peaucmpuposanu na ocyuinozpage. Pesynvmamul. MaznumHo-uMnynoCHbIM pacuiupenuem YuruHOPUYEeCKUx 3a20mo6oK npu
nomMowu GHewHe20 UHOYKMOpA NOJYYeHbl O0emanu CIOJICHOU QOpMbl U OCYWeCMmBNIeHO CHAmMUEe MEemailuieckol oeman,
Hanpecco8annoll Ha oudnekmpudeckuli cmepoicens. Hayunaa noseusna. Iloxasano, umo uacmomy «cpe3aemoz2oy» UMNyIbCd, npu
KOMOpOU aMniumyoa ompuyamenbHo20 0a6ieHUs MAZHUMHO20 NOJs ONU3KA K MAKCUMANbLHOU, d MAKdCe 3apsaOHoe HANpAlCceHue
HeobX00UMO C€O21aco6bl6aAMb C NAPAMEMPAMU eMKOCMHO20 HAKONUMEI JHepauu, Nnpu KOMOPLIX C BbICOKOU BepOAMHOCHILIO
npoucxooum «cpesy» umnyavca. Ilpakmuueckoe 3nauenue. Ilonyuenvi pexomenoayuu O UCHONL308AHU 8 MACHUMHO-UMNYTbCHBIX
MEXHONO2UAX, OCHOBAHHBIX HA NPUMEHEHUU «CPE3AHHBIXY» UMNYIbCOS8, YCMAHOBOK C YAPAGIAEMbIMU 8AKYYMHUIMU PA3PAOHUKAMU.
bu6n. 17, Tabn. 2, puc. 5.

Kniouesvie cnoéa: BbICOKOBOJIBTHASI MATHHTHO-HMITY/ILCHAs YCTAHOBKA, €MKOCTHOH HAKONHWTEIb HEPruH, ynmpapJsieMbli
BAKYYMHBIii pa3psiIHUK, «Cpe3» UMITYJIbCAa TOKA, BEPOATHOCTh «Cpe3a», BHEIIHUI HHIYKTOP, paclIMpeHHe HHINHIPHYeCKOi
TpY04aToii 3ar0TOBKH, eTaJIb CJI0KHOI (POPMBI.

Introduction. When performing various ~ well as ones inaccessible from the inside. In such cases,

technological operations on magnetic-pulse installations
(MPIs), workpieces in the form of thin-walled cylindrical
pipes made of highly conductive metals are used [1-8].
Below, we restrict ourselves to operations based on the
expansion of cylindrical workpieces of small diameter, as

the use of an internal coil is difficult or impossible.

In 1965, H. Furth received a patent for devices that
allows magnetic-pulse processing of cylindrical and flat-
sheet workpieces by the forces of attraction to the coil [9].
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The principle of operation of these devices is based on a
controlled «cut» of current pulses in the discharge circuit
of a capacitive energy storage (CES). In this case, eddy
currents are induced in the workpiece, causing it to be
attracted to the coil. For the «cut» it is proposed to use a
fusible element or an additional capacitive storage, and to
enhance the effect — an additional conductor. The «cut» of
the current pulses allows the cylindrical workpieces to be
expanded by the magnetic field of an external coil. In one
of the first works [10], the authors registered the
expansion of the workpiece using an external coil. In this
case, both the oscillatory and the aperiodic discharge of
the CES were used [10, Fig. 4], and compression of the
workpiece was prevented by an inner cylindrical mandrel.
In the works of recent years, the use of a system of two
coils has been proposed, through which various current
pulses are passed [6], as well as the effect of two pulses of
different durations, passed through one coil [7].

When using in the MPI for switching the CES of
controlled vacuum dischargers (CVD), there is a natural
(without additional devices [9]) «cut» of the oscillatory
pulses of the discharge current (Fig. 1,a) [11, 12]. In the
experiments that were carried out at NTU «KhPI» [12],
attention was drawn out to the probabilistic nature of the
appearance of «cut» pulses under the same conditions. In
the case of a «cut» of the pulse, the negative half-wave of
pressure of the magnetic field expands the workpiece 1
(pos. 1 in Fig. 1,¢), and at full (not «cuty) pulse (Fig. 1,b)
after that it is compressed (pos. 2 in Fig. 1,¢). Therefore,
the determination of the parameters of the CES, at which
the CVD with a high probability «cuts» discharge current
pulses is an urgent problem. Some of the first results of
our studies of this phenomenon and the corresponding
recommendations for obtaining «cut» pulses were
presented in [13].

Cc

Fig. 1. «Cut» (@) and full (b) discharge current pulses
(50 ps/div), as well as workpieces 1 and 2, respectively (c),
deformed by them

On the other hand, the parameters of the «cut» pulse
significantly affect the amplitude of the negative half-
wave of the magnetic field pressure, which expands the
workpiece [14-16]. The coordination of the parameters of
this pulse with the characteristics of the material and the
dimensions of the workpiece has not been sufficiently

studied, and the probabilistic nature of the «cut» was not
taken into account.

The purpose of this work is an experimental
verification of the existence of a range of values for the
parameters of the capacitive energy storage of the
magnetic-pulse installations with controlled vacuum
discharger, in which, with a high probability, there is a
«cuty of the discharge current pulses and the expansion of
cylindrical thin-walled tubular workpieces using an
external coil.

Equipment used in experiments. The CES of the
MPI designed at NTU «KhPI» consisted of capacitors
IK6-150 and allowed to change the capacitance
C = 600-1200 pF. The CES charging voltage U, = 1,5-6 kV.
The CES was discharged to the coil (Fig. 2) through the
RVU-63-20-UHL4 type CVD produced by the
Minusinsk Electrotechnical Institute. The winding of the
coil 1, which has the shape of a cylindrical spiral made of
a copper bus, was connected to the MPI using leads 2 and
contact nodes 3. The position of the processed metal
workpiece 4 inside the coil was fixed by a dielectric die 5
and a dielectric rod 6, which also prevents compression of
the workpiece. Tubular cylindrical billets of AMg2M
aluminum alloy with specific electrical conductivity
y = 0.27-10% S/m had an inner radius R = 8 mm and a
thickness d = 0.5 mm.

6

AR ——

N .
Fig. 2. Coil for magnetic-pulse expansion of cylindrical tubular
workpieces

The discharge current pulses were measured using a
Rogowski coil with an RC integrator and recorded on an
S8-13 oscilloscope. The total current pulses had a shape
close to an exponentially decaying sinusoid (Fig. 1,b).

CES parameters providing a high probability of
current pulses «cut». To determine C, U, at which there
is a «cut» of the discharge current pulses, instead of die 5
(Fig. 2) a dielectric sleeve was used to prevent expansion
of the workpiece. The probability of the appearance of
«cut» pulses was characterized by the probabilistic
frequency N¢/N (N, is the number of «cut» pulses, N is the
total number of pulses). Table 1 shows more detailed than
in work [13], the results of tests of the CVD (I, is the
amplitude value of the current). After that these data were
used to determine the parameters of the CES when
performing technological operations.
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Table 1

Amplitude values and probabilistic frequency of the «cut» of the discharge current pulses

C, uF

Up, kV 600 750 900 1200

Ioo | NIN/N| L, | N|NJN | I., | N| NJN | I, | N| NJN

kA kA kA kA
1,5 18 6 1 21 7 1 25 | 6 1 30 | 6 1
2 24 | 6| 1 2 6| 1 | 326/ 1 36 | 6] 1
2,34 29 7 1 32 6 1 38 |6 1 42 6 1
2,7 32 | 181094 | 37 | 6 1 43 | 61083 | 50 |6 1
3,4 42 (30| 0,8 46 | 6 | 083 | 50 | 6|08 | 56 | 6| 05
3,8 47 |321] 0,8 51 6 083 |54 |6]|08 | 62 |6
425 52 | 271078 | 57 |12 05 | 60 | 6 | 05 67 | 6
4,65 57 10 | 0,2 61 6 0 64 | 8 0 - - -

Determination of the frequency of the «cut» pulse
of the discharge current. The frequency of the «cut»
pulse, which can be provided by the MPI, must be
matched with the electrophysical characteristics and
dimensions of the workpiece. For this we use the
generalized similarity criterion 7 = - [15], where w is
the circular frequency, 7 is the time constant of the first
approximation, t = uyy-R-d/2, p is the magnetic constant.
The generalized criterion 7 comprehensively takes into
account the electrophysical characteristics (up, y) and
dimensions (R, d) of a thin workpiece, and also replaces
two criterions d'= d/A and d;" = d/R (4 is the penetration
depth of the electromagnetic field [17]). In a wide range
of values of the damping coefficient of an exponentially
damped sinusoid, the optimal value of the generalized
criterion 7', at which the amplitude of the negative
pressure P,,, acting on the workpiece, is maximum, is
7o = 0,8. Here, in the range

05<r<14 (1)
the value of P,, changes insignificantly [15, Fig. 4,
curves 5-8].

Condition (1) is universal and is valid for thin
cylindrical workpieces made of non-magnetic materials.
For the workpieces used in the experiments described
here (r = 67,858 ps), from condition (1) we obtain the
corresponding ranges of the recommended values of w
(1/s) and frequency f(kHz) of the «cut» pulse

7368 < w < 20631, )
1,173 <f<3,284, 3)

and also the criterion d"
0,1768 <d" <0,2958. 4)

Values o, f, d, corresponding to 7,, equal to
wo=11789 1/s, fy=1,876kHz, d, =0,2236.

Table 2 shows the values of the half-period duration
T/2, w, f obtained from the oscillograms of the current in
the discharge circuit of the MPI, as well as of the criteria
T andd.

Analysis of data of Table 2, taking into account
conditions (2)—(4), allows us to conclude that the MPI
with a CES capacity C = 900 or 1200 pF provides the
recommended frequencies of the «cut» pulse, at which the
amplitude of the negative pressure of the pulsed magnetic

field expanding the workpiece with the help of an external
coil, is close to the maximum value.

Table 2
Time and frequency parameters of the «cut» pulses of the
discharge current and the values of the criteria 7, d"

3
C, uF Tﬁ “’/11/2 | fkHz | 7 d
600 130 | 24,17 | 3,846 | 1,638 | 0,32
750 150 | 20,94 | 3333 | 144 | 030
900 160 | 19,63 | 3,124 | 1,346 | 0,29
1200 | 200 | 15,71 | 2,500 | 1,082 | 0,26

Technological operations based on the expansion
of tubular workpieces by «cut» pulses. When
performing the described technological operations, it was
taken C = 900 pF, U, = 3.2 kV. The value of U, was
selected experimentally from the condition of achieving
sufficient deformation of the workpiece. These
parameters of the CES provide both a high probability of
«cut» pulses (Table 1), and the recommended frequency
of the «cut» pulse (Table 2, conditions (2), (3)).

Manufacturing of parts with complex shapes. Figure 3
shows drawings of a part with one cylindrical protrusion
(a) and a corresponding collapsible dielectric die (b) (see
also pos. 5 in Fig. 2), and Fig. 4,a shows parts made from
a tubular workpiece using «cut» pulses. The part can have
a more complex shape, which is determined by the shape
of the dielectric die, for example, it can have two
cylindrical protrusions (Fig. 4,b).

/- ———
18,3
17
20 30 | 20 |
a
1 2

OO o o L A »/:
S — I . ___..‘{._
DTSN Ve R KT

b
Fig. 3. Drawings of a part with one cylindrical protrusion (a)
and a collapsible dielectric die (b, where 1, 2 — symmetrical
parts of the die)
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a b

Fig. 4. Parts with one (@) and two (b) cylindrical protrusions,
made using «cut» pulses

Removing the metal tubular part from a dielectric
rod. A tubular part made of aluminum alloy was pressed
onto a dielectric rod of circular cross-section using a pre-
machined groove by magnetic-pulse compression
(Fig. 5,a). To remove this part (for the purpose of
replacement), a «cut» pulse of the discharge current was
used, and instead of die 5 (Fig. 2) — a dielectric sleeve
allowing sufficient radial expansion of the removed part
(~ 0.5 mm). Figure 5,b shows workpiece 1 before pressing
on the rod and parts removed in the described way (2, 3).

a

Fig. 5. Permanent joint of a dielectric rod and a tubular metal
part (a), a workpiece and parts removed by «cut» pulses (b)

The need to remove the outer technological
conductive shells arises after the magnetic-pulse pressing
of parts made of powder materials. If the part has a
tubular shape and is accessible from the inside, then this
operation can be carried out using an internal coil. The
experimental results presented in this article confirm the
possibility of removing the technological shell from
tubular and solid cylindrical parts made of powder
materials using an external coil and «cut» pulses. Note
that in [16], it was noted that such an operation can be
performed in the case of a cylinder made of a powder
material by the second pulse of the magnetic field.

The studies carried out show that one «cut» pulse is
enough: in this case, with the help of the first, positive,
half-wave of pressure, the part is pressed, and with the
help of the second, negative one, the technological shell is
removed.

Conclusions.

1. With the help of technological operations based on
the magnetic-pulse expansion of cylindrical tubular
workpieces with an external coil, the existence of a range
of values of the parameters of the capacitive energy
storage with controlled vacuum discharger was
confirmed, in which the discharge current pulses are
«cut» with a high probability.

2. Before performing technological operations based
on expanding workpieces using an external coil, it is

necessary to test the controlled vacuum discharger and
determine the values of the capacitance and charging
voltage of the energy storage, at which the relative
probability of the «cut» of the discharge current pulses is
close to 1.

3. The recommended frequency of the «cut « pulse of
the discharge current, at which a close to optimal
amplitude of negative pressure expanding the workpiece
is achieved, can be determined from the conditions
obtained using the generalized similarity criterion.

4. The charging voltage of the storage capacity is
selected experimentally from the condition of achieving
the required deformation of the workpiece and is
coordinated with the test data of the controlled vacuum
discharger.

5. Magnetic-pulse pressing of tubular and solid
cylindrical parts made of powder materials and then
removing the technological conductive shell can be
carried out with one «cut» current pulse.
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