
homogeneity of the coating was preserved. Specimens
of the metallized BaTiO3 ferroelectric ceramics are
presented in Figure 2.

Using the metal-oxygen technology brazed joints
of the BaTiO3 ferroelectric ceramics, brazed with each
other and with metal electrodes, were produced (Fi-
gure 3).

So, for the first time wetting of the BaTiO3 ce-
ramics in pure oxygen was investigated. Application
of oxygen environment at pressure 100 kPa intensifies
capillary properties of the Ag--Cu--O system melts and
reduce contact wetting angle up to full spreading at
content 7--10 at.% Cu in the melt.

On basis of the data obtained the metal-oxide tech-
nology for metallization and brazing of the BaTiO3
ceramics in air and pure oxygen was developed.
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IMPROVED METHOD FOR CALCULATING
MAGNETIC-PULSE WELDING CONDITIONS

A.S. PISMENNY, I.V. PENTEGOV, E.P. STEMKOVSKY, D.A. SHEJKOVSKY, V.M. KISLITSYN and A.V. LAVRENYUK
E.O. Paton Electric Welding Institute, NASU, Kiev, Ukraine

The method for calculating magnetic-pulse welding conditions is suggested allowing for changes of inductivity of the
parts being joined at their relative displacement. It is shown that it has to be used in those cases when energy necessary
for processing of the metals constitutes a significant portion of the energy accumulated in the capacitor bank (for example,
for joining parts of big diameter).

K e y w o r d s :  magnetic-pulse welding, inductivity of parts,
method of calculation, optimum welding conditions

In [1] a simplified method for calculating magnetic-
pulse welding (MPW) conditions is suggested with
complex application of analytical and numeric meth-
ods of calculation on a personal computer.

Below the attempt is made to develop an improved
method for analysis of the processes occurring in MPW
of cylindrical pipes with a single-turn inductor (Fi-
gure 1) which most fully correspond to the real proc-
esses. It is assumed that at a discharge of the capacitor
bank on the inductor and in process of movement of the
flyer part inductance of the discharge circuit increases,
whereby movement of the pipe starts at the instant in
which its material achieves state of plasticity.

Time of the capacitor bank discharge is divided
into small sub-intervals of ∆t duration, and all pa-
rameters of the discharge circuit in each such n-th
time sub-interval are assumed invariable.

Values of all necessary parameters at the end of
the first sub-interval ∆t are initial conditions for the
next time sub-interval. Indices of the parameters in-
dicate their value in certain instants of time. Zero
index indicates value of the parameter at the beginning
of the first time sub-interval, index 1 ---- at the end
of the first time sub-interval and beginning of the
second time sub-interval, etc.

The whole process of the discharge is divided into
three time intervals:

I ---- beginning of the discharge. Pressure on the
flyer part is not yet equal to a certain limit value of
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Figure 3. Brazing and metallization of BaTiO3 ceramics using me-
tal-oxygen technology: 1 ---- ceramics--ceramics joint; 2 ---- platinum
wire--ceramics; 3 ---- silver wire--ceramics
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P0. At such value yield strength of the material σy is
not achieved yet, the flyer part is immovable, and
current in each sub-interval is determined according
to the formula for the fluctuation process of the ca-
pacitor bank discharge, whereby all parameters of the
discharge circuit are invariable in the process of the
discharge interval;

II ---- continuation of the capacitor bank discharge
process at the pressure higher than P0 from the instant
of beginning of the flyer part motion till the instant
of collision. The discharge current in each interval
changes according to another law for which first of
all non-zero initial conditions and change of inductiv-
ity of he flyer pipe are characteristic;

III ---- discharge process from the instant of colli-
sion of the parts till termination of the capacitor bank
discharge. For the discharge current in each sub-in-
terval of this interval constancy of the discharge cir-
cuit parameters is characteristic, whereby initial value
of current and voltage in the capacitor bank corre-
sponds to values of current and voltage at the end of
the second time interval of the capacitor bank dis-
charge.

Let us consider the processes which occur in I in-
terval when the flyer part is still immovable. We will
use the following dependence for the considered
method of calculation [1]:

B(t) = 
µ0KR

bp
 i(t), (1)

where B(t) and i(t) are respectively the magnetic
induction in the working gap and the discharge current
in I interval; µ0 is the magnetic constant equal to

4π⋅10--7 H/m [2]; KR = 1 -- 
∆1

πbp
 


1 -- e

--π 
bp
∆1



  is the Ro-

gowski coefficient [3].
Pressure of the magnetic field on the flyer part is

determined from the expression

P(t) = 
B2(t)

µ0
. (2)

Pressure on the flyer part, at which yield strength
σy of the material is achieved and which depends only
upon properties of the material and the geometrical
dimensions, is determined from the expression which
proceeds from the balance of forces acting on surface
of the pipe and in its cross section:

P0 = 
∆p

Rp
σ, (3)

where Rp is the mean radius of spread outward area
of the flyer part in the welding zone.

Inductance of the discharge circuit L0 consists of
the constant within the capacitor bank discharge time
inductance L, which is inductance of the external cir-
cuit, and invariable within the time of I interval in-
ductance of the inductor--flyer part system Lpt0:

L0 = L + Lpt0,

where

Lpt0 = 2π 
µ0KR

bp
 Rp∆1.

Angular frequency of the discharge is found from
the formula

ω0 = √1
CL0

 -- 
R2

4L0
2 . (4)

Instant value of the discharge current in I interval
is determined from expression [4]

i(t) = 
Uc

ω0L0
 e--

R
2L0

t sin ω0t, (5)

where Uc is the capacitor bank initial voltage; R is
the discharge circuit active resistance.

By means of the discharge current passage, pressure
on the flyer part increases till it gets equal to pressure
P0 determined from formula (3). By substitution in
(2) of the expressions (1), (5) and equating P(t) to
P0 value we get after transformations equation for
determining t0 ---- the time at which pressure on the
flyer part achieves the P0 value:

√P0
µ0

 
bp

KR
 = 

Uc

ω0L0
 e--R

t0

2L0 sin ω0t0. (6)

Transcendent equation relative t0 (6) is solved by
numeric methods using a personal computer.

In II time interval, inductance of the discharge
circuit Ln consists of a constant inductance L during
discharge of the capacitor bank and inductance of the
inductor-- flyer part system Lptn. Inductance Lptn in
process of the capacitor bank discharge changes in II
interval thus changing conditions of the capacitor
bank discharge, that’s why in the index the interval
number is present.

Figure 1. Scheme of MPW implementation at acceleration of pipe
area to be deformed: R0, R1 ---- respectively internal diameter of
inductor-concentrator and external diameter of flyer part in center
of spread outward area; ∆p ---- wall thickness of flyer pipe; ∆, ∆1 ----
mean values of gap between pipes being joined, as well as between
inductor-concentrator and pipe respectively; α ---- angle of pipe
spreading outward; bp ---- width of overlapping; bc ---- width of
working area of inductor-concentrator
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For calculating parameters of welding conditions
on the personal computer we find initial conditions
for II time interval of the capacitor bank discharge
(current i0, active losses within time of I time interval
WR0

, pressure on the flyer part p0 and the capacitor
bank voltage U0):

i0 = 
Uc

ω0L0
 e--

R
2L0

t0 sin ω0t0, (7)

WR0
 = ∫ 

0

t0

i2(t)Rdt, (8)

p0 = 
µ0KR

2

bp
2  (i0)

2, (9)

U0 = Uc -- 
1
C

 ∫ 
0

t0

i(t)dt. (10)

Initial conditions of other parameters necessary for
calculation in II interval equal zero.

In second area the flyer part starts to move. Move-
ment of the part causes increase of the discharge circuit
inductance thus changing conditions of the capacitor
bank discharge.

When determining regularity of the discharge cir-
cuit inductance change, one has to take into account
the fact that it consists of the inductance, which within
the time of the capacitor bank discharge remains in-
variable, and the inductance, which increases within
the time of the discharge. Constant inductance L is
usually known, while variable part of the inductance
Lpt(n + 1) for (n + 1)-th interval ∆t is found from the
expression

Lpt(n + 1) = π 
µ0KRn

bp
 [R0

2 -- (R1 -- Sn)
2], (11)

where Sn is the way passed by the flyer part in n-th
interval; KRn

 is the Rogowski coefficient in n-th in-
terval.

Value of current in II time interval for (n + 1)-th
time interval is found from formula proceeding from
Kirchhoff equation for a considered circuit in n-th
time sub-interval:

in + 1 = in + 
Un -- inR

Ln
∆t, (12)

where Un is the voltage in capacitors in n-th interval.
Pressure on the flyer part in (n + 1)-th sub-interval

is determined from formula

pn + 1 = µ0 
KRn

2

bp
2  in

2. (13)

Losses in active resistance of the machine discharge
circuit in time interval t = (n + 1)∆t equal

WR(n + 1)
 = Rin

2∆t + WRn
. (14)

Increment of the flyer part velocity within time
∆t in the n-th sub-interval is determined from formula

∆vn = [pn -- P0] 
∆t

∆pγp
. (15)

Velocity of the flyer part at the end of the (n +
+ 1)-th interval is

vn + 1 = vn + ∆vn,   v0 = 0. (16)

The way passed by the flyer part at the end of the
first sub-interval in II interval is

Sn + 1 = Sn + vn∆t,    S0 = 0. (17)

Time of the process is determined according to the
expression

tn + 1 = t0 + ∆tn. (18)

Inductance of the discharge circuit at the end of
(i + 1)-th time sub-interval is

Ln + 1 = L + Lptn. (19)

Using expressions (11)--(19) for (n + 1)-th time
sub-interval we make a system of equations for calcu-
lating on a personal computer which has the form:































in + 1 = in 
Un -- inR

Ln
 ∆t,

KRn
 = 1 -- 

∆1 + Sn

πbp
 (1 -- e--π 

bp

∆1 + Sn),

pn + 1 = µ0 
KRn

2

bp
2  in

2n,

WR(n + 1)
 = Rin

2∆t + WRn
,

vn + 1 = vn + 





µ0

KRn

2

bp
2  in

2 -- P0






 

∆t
∆pγp

,

Sn + 1 = vn∆t + Sn,

Ln + 1 = L + πµ0

KRn

bp
 [R0

2 -- (R1 -- Sn)
2], 

Un + 1 = Un -- in 
∆t
C

,

tn + 1 = t0 + ∆tn.

(20)

II time interval finishes after the flyer part that
passes the way S (mean value of the gap between the
pipes being joined) touches the immovable part.

In Figures 2 and 3 the curves are built, from which
it follows that the results obtained from the improved
method differ approximately by 15 % from the results
obtained according to the method that does not take
into account change of the inductance, that proves
the fact that by means of the pipe diameter increase
one has to use the developed methodology.

For determining in a specific case necessary version
of the calculation method (without allowing or al-
lowing for inductance change of the parts during weld-
ing) it is necessary to calculate value of kinetic energy
of the flyer part Wk using the given below formula:
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Wk = 
mv2

2
,

(21)

where

m = 2πRp∆pγpbp. (22)

Comparison of this value with value of the whole
accumulated in the capacitor bank energy W =
= (CUc

2)/2, calculated using the simplified calcula-
tion, allows selecting the version of the calculation
method. If difference of the energies does not exceed
10 %, one may use method of calculation described in
[1]; if difference is more than 10 % it is necessary to
use the method suggested in this work which takes
into account change of inductance of the parts being
joined.

It should be noted that when using considered
method for producing quality welded joints, the time
of the magnetic field penetration through the flyer
pipe should be longer than flight time of the flyer
pipe.

CONCLUSIONS

1. Calculation of the MPW conditions with a single-
turn inductor in joining of cylindrical pipes of big

diameter has to be carried out taking into account
change of inductance of the parts being joined, that
will allow ensuring high accuracy of calculations in
comparison with the known methods and real reflect-
ing processes occurring in the welding.

2. It was determined that the higher is kinetic
energy acquired by the flyer part, the higher is amend-
ment ensured by the suggested method of calculation.
If amendment is less than 10 %, one may use a sim-
plified method of calculation, if more ---- the improved
one.

3. For ensuring high accuracy of the suggested
method for calculating the MPW conditions it is nec-
essary to take into account time when the part starts
to move, within which the flyer part is in immovable
state till pressure on it still has not yet achieved a
certain boundary value, at which yield strength of the
material of the parts is achieved.

4. The developed method is fit not just for calcu-
lating the MPW conditions, but also for application
in related technologies (for example, in pressure proc-
essing of metals, etc.).

Figure 3. Calculated instant value of magnetic pressure P(t) for
pipes from aluminium alloy of 20 (a) and 80 (b) mm diameter:
1 ---- curve according to simplified methodology of calculation [1];
2 ---- according to developed methodology; dash-dotted curve ----
according to given methodology

Figure 2. Curves of discharge current (a) and speed at acceleration
of area to be deformed (b) of aluminium pipe of 80 mm diameter:
1 ---- simplified methodology of calculation [1]; 2 ---- developed
methodology
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