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Magnetic pulse welding of overlapped Al /Cu sheets is performed by flowing a discharge current fromAbstract
a capacitor bank to a flat coil. By increasing the number of coil turns, it is possible to further reduce the discharge
current required for welding. In order to make each rise time of the current as equal as possible, the discharge bank
capacity is selected as 24, 6 and 1.5 μF for the 4, 8 and 16-turn coils respectively. Based on the experimental results
using the 4 and 8-turn coils, we will compare and examine such combinations of bank capacity and coil turn number.
When the discharge energy for welding is 0.7 kJ, the peak values of the currents flowing through the 4, 8 and 16-turn
coils become about 41, 21 and 11 kA, respectively. Since each rise time of the current and its generated magnetic flux
( ) are almost the same, equivalent welding results can be obtained.B
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1. Introduction
In recent years, the necessity of welding aluminum (Al)

to copper (Cu) for electrical connection is increasing [1].

However, this welding is not easy due to the difference in

physical quantities such as melting point. For this reason, a

intermetallic compound which is not suitable for weldingbrittle

There are few efficient andmay occur at the weld interface [2].

excellent methods of the welding Al to Cu.

Magnetic (or electromagnetic) pulse welding belongs to

impact welding similar to explosive welding, and recent review

articles (including PhD thesis) have been reported [3-6]. Weld

type is lap welding of various metal pairs [7-12]. The welding

of Al/Cu has the greatest advantage of avoiding the formation

brittle of Al/Cuof intermetallic compounds. The weld interface

shows wavy interface morphology like explosive weldingsheets

[13-18]. The microstructure of the interface has been studied in

detail and the high quality welds have been obtained [15-18].

The mechanism and features of Al/Cu sheets welding are

considerably well known.

Its technique is based on discharging the from thecurrent

Al/Cu sheets overlappedcapacitor bank through the flat coil.

Afterwith a gap between them are fixed on the insulated coil.

, the magnetic flux ( ) is suddenly generatedthe discharge B

around the coil. Strong electromagnetic forces act on the Al

sheet near the coil, the Al sheet collides with the upper Cu sheet

and the both sheets are welded.

The peak discharge current required for welding was 140

conventional and the 200 μFto 230 kA using the 1-turn flat coil

discharge capacitor bank repeated[7]. The author have

experiments to reduce the high current using the multi-turn flat

For example, b 24 μFcoil. y using the 6-turn coil and the

, the peak current for welding wascapacitor bank required

reduced to about 1/6 as compared with the 1-turn coil .[19-21]

n the future, such welding experiments with various multi-turnI

coils are expected to become popular.

In this report, the capacity is chosen asdischarge bank
24, 6 and 1.5 μF for the 4, 8 and 16-turn coils respectively.

three in the welding areSuch of Al/Cu sheetscombinations

compared and examined. At the same discharge energy, the

peak discharge current flowing to each coil decreases to about

1/2 when the number of turns is doubled. Since the rise time of

each discharge current and generated magnetic flux canits ( )B

be made almost the same, experimental results equivalent to

each other will be obtained. In order to reduce the discharge

capacity without increasing the present charging voltage, after

two or four same capacitors are charged in parallel, and then

they are discharged in series to the 8 or 16-turn coil,

respectively.
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2. W discharge circuitselding method and
2.1 W turn flat coilelding method using multi-

Figure 1 is a schematic diagram of the 8-turn coil as an

The coil whichexample. consists of 8 E-shaped Cu alloy plates

are electrically insulated and are laminated. The discharge

current flows into the narrow central part of the plate No.1

upward and flows out from the two wide outside parts

downward. The divided currents join at the lower parts of the

plate No.1. The joined current flows again into the central part

of the plate No.2. The discharge current flows through each

central part in series and does 8 turns. Each central part of the

plates is just piled up with the same width. The high-density

magnetic flux is generated around the piled central part as the

8-turn coil. Therefore, if the coil design this coilis appropriate,

can generate the magnetic flux of the same value by the current

of about 1/8 in comparison with the 1-turn coil.

8-turnThe welding method will be explained using the

The Al/Cu sheets are fixed on the coil Fig. 2.coil. as shown in

The lower Al sheet is insulated in a DC manner from the coil,

When thebut there is electromagnetic coupling between them.

discharge current from the capacitor bank flows into the coil,

the magnetic flux is generated around the central part.rapidly

penetrates into the Al sheet currents passThe flux and eddy

As athrough the Al sheet to hinder its further penetration.

result, the electro magnetic force acts on the Al sheet. Theｆ

Al sheet is accelerated upward and collides with the upper Cu

The collision placesheet at high speed as shown in Fig. 3.

moves laterally with time and two metal jets are emitted [10].

TheThe weld interface is cleaned by the emission of metal jets.

welded in two narrow weld zones (seam weld zones).sheets are

uch welding can also be done using 4 and 16-turn coils.S

At this time, the discharge current required for welding varies

with the coil turn number.

Eddy currents (current density ), electromagnetic forceｉ

magnetic pressure (equivalent to electromagneticｆ and p

force) are given by Eq. (1), (2) and (3), respectively.

( (1)rot κ / tｉ＝－ ∂ ∂B ）

(2)ｆ ｉ＝ × B
( ) / 2 (3)p μ＝ －B Bo i２ ２

Here, and are electrical conductivity and magneticκ μ

is the magnetic flux (density).permeability of the Al sheet. B
horizontal components of on the lowerB Bo iand are the B

, respectively.and the upper side of the Al sheet in Fig. 2

Fig.1 of 8-turn flat coil which isSchematic diagram
.consists of 8 E-shaped Cu alloy plates

electromagneticFig. 2 Fixation of coil and Al/Cu sheets, and
(sectional view).force acting on Al sheetｆ

Fig.3 Illustration after collision of sheetsimmediately
emission of metal jets .and (sectional view)

2.2 Discharge circuits
Figures 4, 5 and 6 show the circuit diagrams of the

for charging and discharging each capacitor bank.apparatus

The bank of Fig. 4 is normally charged and discharged. The

banks of Figs. 5 and 6 are charged in parallel and discharged in
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is capacitor (24 μF)C1
G is discharge spark gap switch1

is 4-turn coilL4
is are resistor (100 kΩ)R1
is discharge currentI

HV is high voltage DC power supply
S is mechanical opening /closing switch
G is ground (or earth)

Fig.4 Normally charging and discharge circuit diagram
from capacitor bank to 4-turn coil.

, are capacitors (12 μF)C C1 2

G , G are discharge spark gap switches1 2

is 8-turn coilL8
, are resistors (100 kΩ)R R R1 2 3,
is discharge currentI

HV, S and G are the same as in Fig. 4

Fig.5 Parallel-charging series-discharge circuit diagram
from capacitor bank to 8-turn coil.

series. The 4, 8 and 16-turn coils are connected to each circuit

diagram respectively. We ignore the discharge circuit resistance.

First, all the capacitors ( etc.) of each discharge circuitC1

are charged normally or in parallel high voltage DCusing a

power supply. Next, after the switch S is opened, the discharge

C1 C2G1 G2

R1 R2

R3 L8

HV
S
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I

Charge
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C1 G1

R1

L4
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are capacitors (6 μF)C C C C1, 2, 3, 4

G G G G are discharge spark gap switches1, 2, 3, 4

is 16 -turn coilL16
are resistors (100 kΩ)R R R R R R R1, 2, 3, 4, 5, , 76

is discharge currentI
HV, S and G are the same as in Fig. 4

Fig.6 Parallel-charging series-discharge circuit diagram
from capacitor bank to 16-turn coil.

G G 81 2 L

( 12 μF) ( 12 μF)C C1 2

Fig.7 Appearance of parallel charge series discharge
circuit from capacitor bank to 8-turn coil.

gap switches (G etc.) are triggered simultaneously, each1

capacitor discharges normally or in series, and the discharge

( ) through the discharge circuit along the dottedcurrent flowsI

The discharge current hardly flows into the chargingline. ( )I

circuit and ground circuit (including 100 kΩ resistor) of each

capacitor bank. In Figures 4, 5 and 6, the discharge bank

capacity is 24, 6 and 1.5 μF respectively.

3. Experimental apparatus and materials
Figure 7 shows the appearance of the discharge circuit

using the 8-turn coil without the upper fixture as an example.

Each 12 μF capacitor consisted of two 6 μF capacitors in

The capacitors, switches and the coil were placed asparallel.

G1

R1 R2 R3

HV
S

G

L16I

C1 C3 C4G3 G4

R4

C2 G２

R5 R6 R7

Charge
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close as possible to reduce the inductance of the transmission

The voltage during parallel charging was about 7.6 kV,lines.

and after series discharge, the capacity of the bank was 6 μF,

the discharge energy was 0.7 kJ, and the total voltage during

process finisheddischarge was about 15 kV. The welding was

By triggering two gap switchesin one shot of series discharge.
at the same time, the series discharge stabilized.

The discharge current signal and a collision time signal of

the sheets were obtained by using a measuring system as shown

in Fig.8.

The apparatus using the 4-turn coil consisted of the two

capacitors (12 μF) of Fig. 7 connected in parallel to one

capacitor bank (24 μF). The apparatus using the 16-turn coil

consists of two capacitors (12 μF) in Fig. 7 divided into four

capacitors (6 μF). Each capacitor (6 μF) are charged in parallel

and discharged in series. The discharge capacity of this bank is

1.5 μF.

The material of the coil plates is, for example, a copper

alloy C7025 having a conductivity of 45% and a tensile

strength of 744 N/mm . In order to prevent deformation of the2

16-turn coil plates (0.15mm thick), it is better to lower the

conductivity and increase the tensile strength. The thickness of

the polyimide sheet that insulates each plate of the 16-turn coil

is 25 μm, and several polyimide sheets are used in a stack. This

also reduces the total coil thickness.

The Al (1050) and Cu (1220) sheets were 100 mm long,

100 mm wide and 0.4 mm thick. The sheets were overlapped by

50 mm with the gap of 0.5 mm and fixed on the coil as shown

in Fig. 2.

4. Experimental results
4.1 Discharge current and collision time signals

Typical discharge current and collision time signals when

the 8-turn coil is used are shown in Fig. 9. In both signal

waveforms, discharge noise occurred greatly at the beginning of

the discharge, and small noise occurred thereafter. The damped

oscillating current flowed through the coil during about 100 µs.

In measurement the oscillating period was 23 µs. The

inductance of the 8-turn coil was about 2.2 μH, which was

about 55 times the inductance of the conventional 1-turn coil.

When the discharge energy was 0.7 kJ, the peak discharge

current was 21 kA, and the peak magnetic flux density wasB
about 15 T. The sheets collided at the peak current (4.0 μs from

Fig.8 Block diagram of discharge and measuring system
using .8-turn coil

Fig. 9 Discharge current and collision time signals when
discharge energy is 0.7 kJ and 8-turn coil is used.

the start of current). The collision speed when the sheets

collided was calculated roughly with 250 m/s.

4.2 Appearance of welded Al/Cu sheets
Figure 10 shows a cross-sectional appearance of the Al/Cu

sheets welded using the 8-turn coil. The lower Al sheet was

deformed and welded to the upper Cu sheet as shown in Fig.

10. Two weld zones marked by arrows ( ) and a middle↓
clearance (non-weld zone) were seen. This result was similar to

the case using 1, 4, and 6 turn coils [19-22]. Figure 11 is an

example of the SEM image in the one weld zone. Wavy

interface morphology like explosive welding was observed in

two weld zones. Such a wavy interface was obtained using the

1, 4 and 6-turn coils [19-22]. Reasons for the occurrence of

wavy interface are explained elsewhere [23]. High quality

welds would have been obtained.

Discharge current (peak 21 kA)

Collision time signal
Collision time 4.0µs

5μS

23μSPeriod

− 30 − − 31 −



close as possible to reduce the inductance of the transmission

The voltage during parallel charging was about 7.6 kV,lines.

and after series discharge, the capacity of the bank was 6 μF,

the discharge energy was 0.7 kJ, and the total voltage during

process finisheddischarge was about 15 kV. The welding was

By triggering two gap switchesin one shot of series discharge.
at the same time, the series discharge stabilized.

The discharge current signal and a collision time signal of

the sheets were obtained by using a measuring system as shown

in Fig.8.

The apparatus using the 4-turn coil consisted of the two

capacitors (12 μF) of Fig. 7 connected in parallel to one

capacitor bank (24 μF). The apparatus using the 16-turn coil

consists of two capacitors (12 μF) in Fig. 7 divided into four

capacitors (6 μF). Each capacitor (6 μF) are charged in parallel

and discharged in series. The discharge capacity of this bank is

1.5 μF.

The material of the coil plates is, for example, a copper

alloy C7025 having a conductivity of 45% and a tensile

strength of 744 N/mm . In order to prevent deformation of the2

16-turn coil plates (0.15mm thick), it is better to lower the

conductivity and increase the tensile strength. The thickness of

the polyimide sheet that insulates each plate of the 16-turn coil

is 25 μm, and several polyimide sheets are used in a stack. This

also reduces the total coil thickness.

The Al (1050) and Cu (1220) sheets were 100 mm long,

100 mm wide and 0.4 mm thick. The sheets were overlapped by

50 mm with the gap of 0.5 mm and fixed on the coil as shown

in Fig. 2.

4. Experimental results
4.1 Discharge current and collision time signals

Typical discharge current and collision time signals when

the 8-turn coil is used are shown in Fig. 9. In both signal

waveforms, discharge noise occurred greatly at the beginning of

the discharge, and small noise occurred thereafter. The damped

oscillating current flowed through the coil during about 100 µs.

In measurement the oscillating period was 23 µs. The

inductance of the 8-turn coil was about 2.2 μH, which was

about 55 times the inductance of the conventional 1-turn coil.

When the discharge energy was 0.7 kJ, the peak discharge

current was 21 kA, and the peak magnetic flux density wasB
about 15 T. The sheets collided at the peak current (4.0 μs from

Fig.8 Block diagram of discharge and measuring system
using .8-turn coil

Fig. 9 Discharge current and collision time signals when
discharge energy is 0.7 kJ and 8-turn coil is used.

the start of current). The collision speed when the sheets

collided was calculated roughly with 250 m/s.

4.2 Appearance of welded Al/Cu sheets
Figure 10 shows a cross-sectional appearance of the Al/Cu

sheets welded using the 8-turn coil. The lower Al sheet was

deformed and welded to the upper Cu sheet as shown in Fig.

10. Two weld zones marked by arrows ( ) and a middle↓
clearance (non-weld zone) were seen. This result was similar to

the case using 1, 4, and 6 turn coils [19-22]. Figure 11 is an

example of the SEM image in the one weld zone. Wavy

interface morphology like explosive welding was observed in

two weld zones. Such a wavy interface was obtained using the

1, 4 and 6-turn coils [19-22]. Reasons for the occurrence of

wavy interface are explained elsewhere [23]. High quality

welds would have been obtained.

Discharge current (peak 21 kA)

Collision time signal
Collision time 4.0µs

5μS

23μSPeriod

Weld zone Weld zone

Fig. 10 Cross-sectional appearance of Al/Cu sheets welded
using 8-turn coil and 0.7 kJ discharge energy.

Fig.11 SEM image of weld interface in one weld zone
of Fig. 10.

5. Comparison and discussion of discharge to 4, 8 and
16-turn coils
Experimental results (including estimation) using the 4, 8

and 16 turn coils are compared and discussed. Table 1 shows

comparison of the bank capacity at discharge, the oscillating

period and the rise time of discharge current, the coil

inductance, the peak current and the discharge energy for

welding, approximate values of coil thickness, and the coil plate

thickness. The period, the rise time and the peak current in

Table 1 were obtained from measured current waveforms (for

example Fig. 9). The values in Table 1 are approximate

experimental values during welding. However, values of the

row of 16-turn coil is estimated values.

In general, the damped oscillating period of theT

discharge current in the series discharge circuit composed of a

resistance , a inductance and a bank capacitance isR L C

approximately given by Eq. (4) when / .R C4L

2π (4)T = CL

Here, the condition of / holds. The residualR C≪√4L

inductance (less than 0.04 μH) of each discharge circuit is

sufficiently smaller than the inductance of each coil. The

appearance of each coil is approximately same. So the period of

the current is almost the same and the inductance of the 16-turn

coil is about 4 times that of the 8-turn coil and current flowing

through the 16-turn coil is half that of the 8-turn coil.

In the row of 4-turn of Table 1, if the discharge energy is

Central part of coil (5 mm wide)

√

√≪

Table 1 Comparison of discharge to 4, 8 and 16-turn coils

Number of coil turns 4 8 16

Bank at discharge (μF) 24 6 1.5capacity

Oscillating period (μs) 24 23 23

Rise time of discharge current (μs) 3.2 3.3 3.3

Coil inductance (μH) 0.59 2.2 8.0

Peak current (kA) 31 21 11

Discharge energy (kJ) 0.4 0.7 0.7

Approximate coil thickness (mm) 3 4 4

Coil plate thickness (mm) 0.50 0.30 0.15

not 0.4 kJ but 0.7 kJ, the peak current value is 41 kA in

proportional calculation. When the experiments in Table 1 are

done with the energy of 0.7 kJ, peak current values flowing

through the 4, 8 and 16-turn coils are expected to be 41 kA, 21

kA and 11 kA, respectively. The oscillating period and rise

time of the discharge current are almost the same. The

appearance of each coil is also the same. Therefore, if the

discharge current of 11 kA is passed through the 16-turn coil,

the same welding results as the experiments using the 4-turn

and 8-turn coils will be obtained.

6. Conclusions
In this paper, the three combinations in magnetic pulse

welding of Al/Cu sheets were compared and examined. Each

capacitor bank of 24, 6 and 1.5 μF discharges into the 4, 8 and

16-turn coils, respectively. The oscillating period and the rise

time of the discharge current flowing through each coil were

almost the same, and the appearance of each coil was also the

same. The following is expected at the same discharge energy.

(1) The peak discharge current flowing to each coil decreases

to about 1/2 when the number of turns is doubled and the same

high-density magnetic flux is generated in the same manner in

the of each coil.narrow central part

(2) The welding results by each coil are almost the same and

the three combinations are electrically equivalent.

(3) Such equivalent combinations are also possible with 24, 6

and 1.5 μF capacitors, and 5, 10 and 20-turn flat coils.
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