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METHOD OF WELDING LAMINATED METAL FOILS

BACKGROUND

The present disclosure relates to a method of welding laminated metal foils, and more
particularly to a method of welding laminated metal foils sandwiched between a pair of metal
plates.

For example, secondary batteries and capacitors collect current by laminated metal foils
for electrodes bonded to a metal plate for current collection. Normally, laminated metal foils
and a metal plate made of aluminum or copper having excellent conductivity are bonded by
welding (metallurgical bonding) or mechanical bonding. When welding is used in this case,
electrical resistance after the bonding can be reduced as compared with mechanical bonding.

Japanese Unexamined Patent Application Publication No. 2014-136242 discloses a
method of laser welding laminated metal foils to a projection formed on a metal plate while
pressing the laminated metal foils against an upper surface of the projection of the metal plate.
Specifically, the laminated metal foils are pressed against the upper surface of the projection by
pressing a periphery of the projection with an annular pressing member from above the
laminated metal foils placed on the metal plate. In this manner, the metal foils in the laminated
metal foils or the laminated metal foils and the metal plate are brought into close contact with
each other, thereby more effectively preventing welding defects such as blowholes from being

formed during welding.

SUMMARY

The inventors have found the following problems relating to a method of welding
laminated metal foils.

In the method of welding laminated metal foils disclosed in Japanese Unexamined
Patent Application Publication No. 2014-136242, the force of pressing the laminated metal foils
against the upper surface of the projection is weak, and thus microscopic gaps are formed
between the laminated metal foils. That is, although the laminated metal foils are
macroscopically laminated without gaps, microscopically, gaps are formed between the
laminated metal foils. This method still has a problem that due to the microscopic gaps
between the metal foils, blowholes are formed during welding, and spatter occurs when the
blowholes burst. The blowholes may remain in a welded part and adversely affects the fatigue
strength, contact resistance, etc. of the welded part, and the spatter may adhere to and be mixed

in the welded part as a foreign object to cause an adverse effect.
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The method of welding laminated metal foils disclosed in Japanese Unexamined Patent
Application Publication No. 2014-136242 has another problem in which a temperature of the
metal foil on the surface could sharply increase because the laminated metal foils are directly
irradiated with a laser beam to be welded, allowing spatter to easily occur. Such a problem can
be avoided by placing another metal plate on the laminated metal foils, so that the laminated
metal foils are sandwiched by a pair of metal plates to be welded.

However, the blowholes and the spatter caused by the above-mentioned microscopic
gaps between the metal foils cannot be prevented from being formed only by the pair of metal
plates sandwiching the laminated metal foils.

Such blowholes and spatter can be formed not only in laser welding but also in
resistance welding and other welding.

The present disclosure has been made in view of such circumstances. The present
disclosure is to provide a method of welding laminated metal foils that can more effectively
prevent blowholes and spatter from being formed.

An example aspect of the present disclosure is a method of welding laminated metal
foils sandwiched between a pair of metal plates to the pair of metal plates. The method
includes:

locally pressing and crimping the laminated metal foils sandwiched between the pair of
metal plates at a welding point in a laminating direction; and

welding the crimped pair of metal plates and laminated metal foils at the welding point.

In the method of welding laminated metal foils according to the example aspect of the
present disclosure, the laminated metal foils sandwiched between the pair of metal plates are
locally pressed and crimped at a welding point in the laminating direction.

Such a configuration reduces the number of microscopic gaps between the metal foils
in the laminated metal foils and microscopic gaps between the laminated metal foils and the
metal plates and, thereby more effectively preventing blowholes and spatter from being formed
during welding.

In the crimping, a thickness of the crimped laminated metal foils is made 50% or less
of a thickness of the laminated metal foils before being crimped.

Such a configuration more effectively prevents blowholes and spatter from being
formed during welding more reliably.

In the crimping, the welding point is irradiated with a laser beam to be welded.

Such a configuration can easily remove a lubricant adhering to the welding point in the

crimping step.
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In the welding, an irradiation condition of the laser beam is feedback-controlled based
on intensity of thermal radiation light emitted from a molten pool formed by the irradiation of
the laser beam.

Such a configuration can improve quality of the welded part.

In the welding, contact of the molten pool with a base on which the pair of metal plates
and the laminated metal foils are placed is detected based on the intensity of the thermal
radiation light, and when the contact of the molten pool with the base is detected, the irradiation
of the molten pool with the laser beam is ended.

Such a configuration can more effectively prevent burn-through caused by swelling of
the molten pool.

The present disclosure can provide a method of welding laminated metal foils that can
more effectively prevent blowholes and spatter from being formed.

The above and other objects, features and advantages of the present disclosure will
become more fully understood from the detailed description given hereinbelow and the
accompanying drawings which are given by way of illustration only, and thus are not to be

considered as limiting the present disclosure.

BRIEF DESCRIPTION OF DRAWINGS

Fig. 1 is a plan view of laminated metal foils welded by a method of welding laminated
metal foils according to a first embodiment;

Fig. 2 is a cross-sectional view taken along the line II-II of Fig. 1;

Fig. 3 is a cross-sectional view showing a crimping step in the method of welding
laminated metal foils according to the first embodiment;

Fig. 4 is a cross-sectional view showing a welding step in the method of welding
laminated metal foils according to the first embodiment;

Fig. 5 is a cross-sectional view showing a state where a molten pool 16a penetrates
through a rear surface in the welding step and the molten pool 16a is brought into contact with a
second recess 52 of a base 50;

Fig. 6 is a block diagram showing a configuration of a laser welding apparatus used for
the method of welding laminated metal foils according to the first embodiment;

Fig. 7 is a flowchart showing a method of controlling laser welding used in the method
of welding laminated metal foils according to the first embodiment;

Fig. 8 is a graph showing a temporal change of received light intensity Ry of thermal

radiation light in one laser welding; and



10

15

20

25

30

Fig. 9 is a cross-sectional view showing a welding step in a method of welding

laminated metal foils according to a second embodiment.

DESCRIPTION OF EMBODIMENTS

Hereinafter, specific embodiments to which the present disclosure is applied will be
described in detail with reference to the drawings. However, the present disclosure is not
limited to the following embodiments. In order to clarify the descriptions, the following
descriptions and drawings are simplified as appropriate.

First embodiment
<Structure of welded laminated metal foils>

First, laminated metal foils welded by a method of welding laminated metal foils
according to a first embodiment will be described with reference to Figs. 1 and 2.

Fig. 1 is a plan view of laminated metal foils welded by the method of welding
laminated metal foils according to the first embodiment. Fig. 2 is a cross-sectional view taken
along the line II-II of Fig. 1. As shown in Figs. 1 and 2, laminated metal foils 11 are
sandwiched between a pair of metal plates 12 and 13 and welded to the metal plates 12 and 13 at
a welded part 16.

It is obvious that right-handed xyz orthogonal coordinates shown in Fig. 1 and other
drawings are merely for convenience of describing the positional relationship of the components.
Normally, a z-axis positive direction is vertically upward and a xy plane is a horizontal plane,
which are common to the drawings. In Fig. 1, the metal plates 12 and 13 actually overlap each
other, although they are drawn offset from each other for easier understanding.

The laminated metal foils 11 are formed by laminating metal foils extending from an
electrode (a positive electrode or negative electrode) in, for example, a secondary battery, a
capacitor, etc. The laminated metal foils 11 are formed by laminating about 30 to 100 metal
foils each having a thickness of, for example, about 10 to 30 um. The laminated metal foils 11
are preferably made of a metal material having high conductivity such as aluminum, copper, or
an alloy containing them as a main component.

As shown in Fig. 1, a part of a periphery of the laminated metal foils 11 is sandwiched
between the pair of metal plates 12 and 13 for current collection. In other words, the laminated
metal foils 11 are bundled macroscopically without gaps by the metal plates 12 and 13. Each of
the metal plates 12 and 13 has a rectangular shape in a xy plane view, and has a thickness of, for
example, about 1 to 1.5 mm. In terms of weldability and electrical resistance of the welded part

16, the metal plates 12 and 13 are preferably made of the same kind of a metal material as that of
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the laminated metal foils 11. Specifically, when the laminated metal foils 11 are made of
aluminum, the metal plates 12 and 13 are also preferably made of aluminum. When the
laminated metal foils 11 are made of copper, the metal plates 12 and 13 are also preferably made
of copper.

As shown in Fig. 2, at the welded part 16, all the metal foils constituting the laminated
metal foils 11 are welded to each other, and the laminated metal foils 11 are welded to the metal
plates 12 and 13. In the example of Fig. 2, the welded part 16 penetrates through a rear surface.
That is, the welded part 16 is formed from a bottom surface of a recess 14 (a surface of the recess
14 on the z axis positive direction side) formed in the metal plate 12 to a top surface of a
projection 15 (a surface of the projection 15 on the z axis negative direction side) formed in the
metal plate 13. The recess 14 and the projection 15 are formed before welding the laminated
metal foils 11 to the metal plates 12 and 13, i.e., before forming the welded part 16.  Further,
the recess 14 and the projection 15 are formed by locally pressing and crimping the laminated
metal foils 11 sandwiched between the pair of metal plates 12 and 13 in the laminating direction
(z-axis direction) at a welding point where the welded part 16 is to be formed.

As shown in Figs. 1 and 2, the recess 14 is a cylindrical depression formed in the upper
surface of the metal plate 12 (the main surface of the metal plate 12 on the z axis positive
direction side). The projection 15 is a disc-shaped protrusion projecting downward (the z-axis
negative direction) from a lower surface of the metal plate 13 (the main surface of the metal plate
13 on the z-axis negative direction side) on a lower side of the recess 14 (the z-axis negative
direction side). As will be described later in detail, the recess 14 and the projection 15 are
formed by crimping processing for pushing a punch downward (the z-axis negative direction)
from the upper surface of the metal plate 12.

As shown in Fig. 2, the laminated metal foils 11 and the metal plates 12 and 13 are
deformed into a U-shaped cross section between the recess 14 and the projection 15 that are
formed by the crimping processing. The laminated metal foils 11 and the metal plates 12 and
13 are compressed and deformed between the bottom surface of the recess 14 and the top surface
of the projection 15. A thickness of the laminated metal foils 11 between the bottom surface of
the recess 14 and the top surface of the projection 15 is preferably 50% or less of the thickness of
a non-crimped area, namely, the laminated metal foils 11 before it is crimped.

As described above, in the laminated metal foils 11 welded by the method of welding
laminated metal foils according to the first embodiment, the welding point is crimped before
being welded, so that the laminated metal foils 11 and the metal plates 12 and 13 are compressed

and deformed. Thus, there are a small number of microscopic gaps between the metal foils in
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the laminated metal foils 11 and a small number of microscopic gaps between the laminated
metal foils 11 and the metal plates 12 and 13. This more effectively prevents blowholes and
spatter from being formed during welding.

Further, the metal foils of the laminated metal foils 11 are welded, and the laminated
metal foils 11 and the metal plates 12 and 13 are welded. Thus, the laminated metal foils 11
welded by the method of welding laminated metal foils according to the first embodiment has
less electrical resistance after the bonding and improved fatigue strength as compared with the
case where only mechanical bonding is used.
<Method of welding laminated metal foils>

Next, the method of welding laminated metal foils according to this embodiment will
be described with reference to Figs. 3 and 4. Fig. 3 is a cross-sectional view showing a
crimping step in the method of welding laminated metal foils according to the first embodiment.
Fig. 4 is a cross-sectional view showing a welding step in the method of welding laminated metal
foils according to the first embodiment.

First, the crimping step in the method of welding laminated metal foils according to
this embodiment will be described with reference to Fig. 3.

As shown in Fig. 3, the laminated metal foils 11 sandwiched between the pair of metal
plates 12 and 13 are locally pressed and crimped at the welding point in the laminating direction.
Fig. 3 shows a mechanical bonding method called mechanical clinching using deep drawing, as
an example of the crimping processing method for locally pressing the laminated metal foils 11
in the laminating direction. A crimping processing apparatus shown in Fig. 3 includes a punch
20, a die 30, and a stripper 40.

Specifically, as shown in the left drawing of Fig. 3, the metal plate 12 is positioned on
the upper side (the z-axis positive direction side), the metal plate 13 is positioned on the lower
side (the z-axis negative direction side), and then the laminated metal foils 11 are placed on an
upper surface of the die 30 (a surface of the die 30 on the z axis positive direction side). Then,
a periphery of the welding point to be pressed by the punch 20 is pressed from above the metal
plate 12 by the stripper 40. That is, the laminated metal foils 11 are sandwiched by the metal
plate 13 placed on the die 30 and the metal plate 12 pressed by the stripper 40. Then, a recess
31 depressed in a disk shape is formed in the upper surface of the die 30.

Next, as shown in the right drawing of Fig. 3, the punch 20 is pushed downward (the z-
axis negative direction) from the upper surface of the metal plate 12. Then, the recess 14
depressed in a cylindrical shape corresponding to the shape of the punch 20 is formed in the

upper surface of the metal plate 12 at the welding point. At the same time, the laminated metal
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foils 11 and the metal plates 12 and 13 pressed by the punch 20 are pushed into the recess 31 of
the die 30, and the disc-shaped projection 15 corresponding to the shape of the recess 31 is
formed in the lower surface of the metal plate 13 at the welding point.

In other words, as shown in the right drawing of Fig. 3, in the crimping step, the
laminated metal foils 11 and the metal plates 12 and 13 are deformed into a U-shaped cross
section between the punch 20 and the recess 31 of the die 30. The laminated metal foils 11 and
the metal plates 12 and 13 are compressed and deformed between a distal end surface of the
punch 20 and a bottom surface of the recess 31 of the die 30. The thickness of the compressed
and deformed laminated metal foils 11 shown in the right drawing of Fig. 3 is preferably 50% or
less of the thickness of the laminated metal foils 11 before it is compressed and deformed shown
in the left drawing of Fig. 3.

In this embodiment, mechanical clinching is employed as the crimping processing
method. However, it is not particularly limited to this as long as it is a crimping processing
method for locally pressing the laminated metal foils 11 in the laminating direction. For
example, the upper surface of the die 30 may be flat, and the crimping processing method may
only include locally pressing the laminated metal foils 11 sandwiched between the pair of metal
plates 12 and 13 by the punch 20.

In this embodiment, the die 30 and the punch 20 are not heated. However, the die 30
and the punch 20 may be heated to make the laminated metal foils 11 and the metal plates 12 and
13 easy to deform.

Next, the welding step in the method of welding laminated metal foils according to this
embodiment will be described with reference to Fig. 4.

As shown in Fig. 4, the laminated metal foils 11 and the metal plates 12 and 13
crimped at the welding point are welded at the welding point.  Fig. 4 shows laser welding as an
example of the welding method.

Specifically, as shown in the left drawing of Fig. 4, the metal plate 12 is positioned on
the upper side (the z-axis positive direction side), the metal plate 13 is positioned on the lower
side (the z axis negative direction side), and then the laminated metal foils 11 are placed on a
base 50. A first recess 51 for accommodating the projection 15 formed in the crimping step is
formed in an upper surface of the base 50 that supports the lower surface of the metal plate 13.
Further, a second recess 52 is formed at a central part of the bottom surface of the first recess 51.
Each of the first recess 51 and the second recess 52 is, for example, a disk-shaped depression.

Further, as shown in the left drawing of Fig. 4, a volatile lubricant applied to the punch

20 adheres to the surface of the recess 14 formed in the crimping step.
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Next, as shown in the right drawing of Fig. 4, the bottom surface of the recess 14
formed in the crimping step is irradiated with a laser beam LB from above (the z-axis positive
direction side). The above-mentioned second recess 52 is formed so that it is positioned right
under a molten pool 16a formed by the irradiation of the laser beam LB. As will be described
in detail later, by detecting the contact of the molten pool 16a with the second recess 52, burn-
through caused by swelling of the molten pool 16a can be more effectively prevented. Fig. 5 is
a cross-sectional view showing a state in which the molten pool 16a penetrates through the rear
surface in the welding step, and the molten pool 16a comes into contact with the second recess
52 of the base 50.

On the other hand, as shown in the right drawing of Fig. 4, the lubricant adhering to the
surface of the recess 14 can be volatilized by irradiating the bottom surface of the recess 14 with
the laser beam LB.

In this embodiment, laser welding is employed as the welding method, but it is not
particularly limited to this. For example, resistance welding may be used. However,
resistance welding requires replacement an electrode that is worn out through repeated welding,
because a member to be welded is brought into contact with the electrode. On the other hand,
laser welding does not require an electrode to be replaced as it is non-contact welding, and thus
the maintenance is easier.

As described above, the method of welding laminated metal foils according to the first
embodiment includes the crimping step for crimping the welding point before the welding step.
In the crimping step, the laminated metal foils 11 and the metal plates 12 and 13 at the welding
point are compressed and deformed. This reduces the number of microscopic gaps between the
metal foils in the laminated metal foils 11 and the number of microscopic gaps between the
laminated metal foils 11 and the metal plates 12 and 13, thereby more effectively preventing
blowholes and spatter from being formed during welding.

Further, there has been a problem in which, when welding is performed without the
crimping step, the metal foils constituting the laminated metal foils 11 can easily break at an
interface of the welded part 16 when the molten pool 16a solidifies and changes into the welded
part 16. This is because the metal foils constituting the laminated metal foils 11 are pulled at
the interface of the welded part 16 during solidification and shrinkage. On the other hand, in
the method of welding laminated metal foils according to the first embodiment, the metal foils
constituting the laminated metal foils 11 are crimped together and integrated by the crimping
step. This more effectively prevents the metal foils constituting the laminated metal foils 11

from breaking at the interface of the welded part 16.
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<Configuration of laser welding apparatus>

Next, a laser welding apparatus used for the method of welding laminated metal foils
according to the first embodiment will be described with reference to Fig. 6. Fig. 6 is a block
diagram showing a configuration of a laser welding apparatus used for the method of welding
laminated metal foils according to the first embodiment.

As shown in Fig. 6, the laser welding apparatus used for the method of laser-welding
laminated metal foils according to the first embodiment includes a laser oscillator 101, a laser
head LH, a lens L1, a light receiving sensor 102, and a laser control unit 103.

The laser oscillator 101 oscillates the laser beam LB with a laser output based on a
control signal output from the laser control unit 103. For example, when a total thickness of the
laminated metal foils 11 is about 0.6 to 1.0 mm and the thickness of the metal plates 12 and 13 is
about 1.0 to 1.5 mm, the laser output is about 2000 to 3000 W. The laser beam LB output from
the laser oscillator 101 is input to the laser head LH.

The laser head LH is, for example, a Galvano scanning laser head capable of scanning.
As shown in Fig. 6, the laser head LH includes a dichroic mirror DM, a mirror M1, and a lens
L2. The dichroic mirror DM reflects the laser beam LB and transmits thermal radiation light.
The laser beam LB is reflected by the dichroic mirror DM and the mirror M1, collected by the
lens L2, and then radiated from the laser head LH. The laser beam LB radiated from the laser
head LH is projected onto the welding point of the laminated metal foils 11 and the metal plates
12 and 13 to form the molten pool 16a. As an example, when the total thickness of the
laminated metal foils 11 is about 0.6 to 1.0 mm and the thickness of the metal plates 12 and 13 is
about 1.0 to 1.5 mm, the spot diameter of the laser beam LB projected onto the molten pool 16a
is, for example, about 0.6 to 1.0 mm.

More specifically, when spot welding is performed without scanning the laser beam
LB, the spot diameter of the laser beam LB is set to about 1.0 mm and the laser beam LB is
projected for about 10 to 100 ms. In the case of circular scanning of the laser beam LB, the
spot diameter of the laser beam LB is set to about 0.6 mm, which is smaller than that of the spot
welding, and the laser beam LB is projected in a circle about 1 to 5 times at a scanning speed of
about 20 to 50 mm/s.

In the present laser welding apparatus, the laser output is feedback-controlled based on
the received light intensity of thermal radiation light (return light) TR emitted from the molten
pool 16a.

Thus, as shown in Fig. 6, the thermal radiation light TR emitted from the molten pool
16a is collected by the lens L1 via the laser head LH and then detected by the light receiving
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sensor 102. More specifically, in the laser head LH, the thermal radiation light TR is reflected
by the mirror M1 via the lens L2, transmitted through the dichroic mirror DM, and then collected
by the lens L1.

The higher the temperature of the molten pool 16a irradiated with the laser beam LB,
the higher the received light intensity of the thermal radiation light TR detected by the light
receiving sensor 102 becomes.

The laser control unit 103 performs feedback control of the laser oscillator 101 based
on the received light intensity of the thermal radiation light TR detected by the light receiving
sensor 102. Specifically, the laser control unit 103 outputs, to the laser oscillator 101, a control
signal for controlling the laser output and the start and stop of the laser oscillation in the laser
oscillator 101.

The laser control unit 103 includes a calculation unit such as a CPU (Central
Processing Unit), a storage unit such as a RAM (Random Access Memory) that stores various
control programs and data and a ROM (Read Only Memory), although they are not shown in the
drawings.

Details of the method of controlling the laser welding by the laser control unit 103 will
be described below.
<Method of controlling laser welding>

Hereinafter, a method of controlling the laser welding used in the method of welding
laminated metal foils according to the first embodiment will be described with reference to Figs.
7 and 8. Fig. 7 is a flowchart showing the method of controlling the laser welding used in the
method for welding laminated metal foils according to the first embodiment. Fig. 8 is a graph
showing the temporal change of the received light intensity Ry of thermal radiation light in one
laser welding.  The solid curve line in Fig. 8 is a standard temporal change pattern of the
received light intensity Ry of the thermal radiation light.

The configuration of the laser welding apparatus shown in Fig. 6 will also be
appropriately referred to in the description of the flowchart shown in Fig. 7.

First, as shown in Fig. 7, the laser control unit 103 oscillates the laser oscillator 101
with a predetermined initial laser output, and starts irradiating the laminated metal foils 11 and
the metal plates 12 and 13 with the laser beam LB (Step ST1). Then, as shown in the graph of
Fig. 8, the received light intensity Ry of the thermal radiation light TR detected by the light
receiving sensor 102 starts to rise.

Irradiation conditions other than the laser output are also set before the irradiation of

the laser beam LB is started, as a matter of course. For example, the spot diameter and the
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irradiation time of the laser beam LB are set, and the scanning speed, the number of scans, etc.
are set when the laser beam LB is scanned. The settings are stored in, for example, the storage
unit of the laser control unit 103.

Next, as shown in Fig. 7, the laser control unit 103 calculates a rate of change AR
from the received light intensity R of the thermal radiation light TR detected by the light
receiving sensor 102 (Step ST2). The rate of change ARy indicates an amount of change in the
received light intensity Ry per predetermined time.

Next, the laser control unit 103 determines whether the rate of change AR} is smaller
than an upper limit value ARy of the predetermined change rate ARy (Step ST3). The upper
limit value ARy is stored in, for example, the storage unit of the laser control unit 103 before the
irradiation of the laser beam LB is started.

When the rate of change AR is greater than or equal to the upper limit value ARy as
indicated by the broken curve line A in the graph of Fig. 8 (Step ST3 NO), the laser control unit
103 lowers the laser output so that the rate of change AR becomes smaller than the upper limit
value ARy (Step ST4). When the rate of change ARy is greater than or equal to the upper limit
value ARy, the temperature of the molten pool 16a sharply rises, allowing spatter to easily occur
and foils to easily break. The breaking of the foils refers to a phenomenon in which the metal
foils break at the interface of the welded part 16 when the molten pool 16a is solidified and
shrunk. The reduction value in the laser output is stored in, for example, the storage unit of the
laser control unit 103 before the irradiation of the laser beam LB is started.

When the rate of change AR is smaller than the upper limit value ARy (Step ST3
YES), the laser control unit 103 does not change the laser output and determines whether the rate
of change AR is greater than the lower limit value AR of the predetermined rate of change
ARy (Step ST5). The lower limit value ARy is stored in, for example, the storage unit of the
laser control unit 103 before the irradiation of the laser beam LB is started.

When the rate of change AR is equal to or less than the lower limit value ARy (Step
ST5 NO) as indicated by the broken curve line B in the graph of Fig. 8, the laser control unit 103
increases the laser output so that the rate of change AR becomes greater than the lower limit
value ARy (Step ST6). When the rate of change ARy is equal to or less than the lower limit
value ARy, incomplete fusion tends to occur due to insufficient heat input. The increase value
in the laser output is stored in, for example, the storage unit of the laser control unit 103 before
the irradiation of the laser beam LB is started.

When the rate of change ARy is greater than the lower limit value ARy (Step STS5

YES), the laser control unit 103 determines whether the received light intensity Ry exceeds a
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target value Ry g (Step ST7) without changing the laser output. The target value Ry is stored
in, for example, the storage unit of the laser control unit 103 before the irradiation of the laser
beam LB is started.

When the received light intensity Ry is equal to or less than the target value Ry g (Step
ST7 NO), as the molten pool 16a is not sufficiently formed yet, the laser control unit 103 returns
to Step ST2 without changing the laser output to calculate the rate of change ARy again from the
received light intensity Ry of the thermal radiation light TR detected by the light receiving sensor
102. That is, until the received light intensity Ry exceeds the target value Ry g in the graph of
Fig. 8, the laser control unit 103 repeats the Steps ST2 to ST7 and controls the laser output in
such a way that the relation of the lower limit value ARy <the rate of change ARy <the upper
limit value ARy is satisfied.

When the received light intensity Ry exceeds the target value Ry g (Step ST7 YES), as
the molten pool 16a has already been sufficiently formed, the laser control unit 103 determines
whether the rate of change ARy is smaller than a penetration reference value ARy, which is a
negative value, without changing the laser output (Step ST8). As shown in Fig. 5, the
penetration reference value ARy is a reference value indicating that the molten pool 16a
penetrates through the rear surface and is brought into contact with the second recess 52 of the
base 50. The penetration reference value ARy is stored in, for example, the storage unit of the
laser control unit 103 before the irradiation of the laser beam LB is started.

When the molten pool 16a is brought into contact with the second recess 52 of the base
50, the received light intensity Ry sharply decreases as indicated by the broken curve line C in
the graph of Fig. 8.  Thus, the penetration reference value ARy is a negative value. When the
received light intensity Ry exceeds the target value Ry g, the determination in Step STS is
preferably performed, because the molten pool 16a could swell and burn-through could occur.

When the rate of change AR is smaller than the penetration reference value ARy (Step
ST8 YES), the laser control unit 103 ends the irradiation of the laser beam LB and determines
that the laser welding apparatus and the quality of the welded part need to be checked (Step
ST9). This is because the molten pool 16a swells and is brought into contact with the second
recess 52 of the base 50.

When the rate of change AR is greater than or equal to the penetration reference value
ARy (Step ST8 NO), as shown in the graph of Fig. 8, the laser control unit 103 determines
whether the predetermined hold time has elapsed since the received light intensity Ry exceeded
the target value Ry g (Step ST10). The hold time is stored in, for example, the storage unit of

the laser control unit 103 before the irradiation of the laser beam LB is started.
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When the hold time has not elapsed (Step ST10 NO), the laser control unit 103 returns
to Step ST8 to determine again whether the updated rate of change ARy is smaller than the
penetration reference value ARyy. That is, the laser control unit 103 repeats Step ST8 until the
hold time elapses in the graph of Fig. 8.

When the hold time has elapsed (Step ST10 YES), the laser control unit 103 determines
whether the relation of the lower limit value Tmin <irradiation time T <upper limit value Tmax
shown in the graph of Fig. 8 is satisfied in regard to the irradiation time T of the laser beam LB
(Step ST11). The lower limit value Tmin and the upper limit value Tmax are stored in, for
example, the storage unit of the laser control unit 103 before the irradiation of the laser beam LB
is started.

When the relation of the lower limit value Tmin <irradiation time T <upper limit value
Tmax is not satisfied (Step ST11 NO), the laser control unit 103 ends the irradiation of the laser
beam LB and determines that the laser welding apparatus and the quality of the welded part need
to be checked (Step ST9). This is because when the irradiation time T is equal to or less than
the lower limit Tmin, the irradiation time is too short, while when the irradiation time T is equal
to or longer than the upper limit Tmax, the irradiation time is too long, and thus some kind of an
abnormality may be occurring.

When the relation of the lower limit value Tmin <irradiation time T <upper limit value
Tmax is satisfied (Step ST11 YES), the laser control unit 103 determines that the welding is
successfully completed, and ends the irradiation of the laser beam LB.

As described above, the feedback control of the laser output using the received light
intensity Ry of the thermal radiation light TR detected by the light receiving sensor 102 can
improve the quality of the welded part 16. In particular, detection of a sharp decrease in the
received light intensity Ry due to the contact between the molten pool 16a and the second recess
52 more effectively prevents burn-through caused by swelling of the molten pool 16a.

In the example shown in Fig. 7, the laser output is feedback-controlled as the
irradiation condition of the laser beam LB, but other irradiation conditions such as the irradiation
time may be feedback-controlled.

Second embodiment

Next, a method of welding laminated metal foils according to a second embodiment
will be described with reference to Fig. 9. Fig. 9 is a cross-sectional view showing a welding
step in the method of welding laminated metal foils according to the second embodiment. In
the method of welding laminated metal foils according to the first embodiment shown in Fig. 4,

the metal plate 12 is positioned on the upper side (the z axis positive direction side), the metal
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plate 13 is positioned on the lower side (the z axis negative direction side), and then the
laminated metal foils 11 are placed on the base 50. On the other hand, in the method of
welding laminated metal foils according to the second embodiment, as shown in Fig. 9, the metal
plate 13 is positioned on the upper side, the metal plate 12 is positioned on the lower side, and
then the laminated metal foils 11 are placed on the base 50.

As shown in Fig. 9, a cylindrical projection 53 to be inserted into the recess 14 formed
in the crimping step is formed at the central part of the first recess 51 on the upper surface of the
base 50 that supports the lower surface of the metal plate 12. Then, the top surface of the
projection 15 of the metal plate 13 formed in the crimping step is irradiated with the laser beam
LB from above. The above-mentioned projection 53 of the base 50 is formed so that it is
positioned right under the molten pool 16a formed by the irradiation of the laser beam LB. By
detecting the contact of the molten pool 16a with the projection 53, burn-through caused by
swelling of the molten pool 16a can be more effectively prevented.

Like the method of welding laminated metal foils according to the first embodiment,
the method of welding laminated metal foils according to the second embodiment also includes a
crimping step for crimping the welding point before the welding step. In the crimping step, the
laminated metal foils 11 and the metal plates 12 and 13 are compressed and deformed at the
welding point.  This reduces the number of microscopic gaps between the metal foils in the
laminated metal foils 11 and the number of microscopic gaps between the laminated metal foils
11 and the metal plates 12 and 13, thereby more effectively preventing blowholes and spatter
from being formed during welding.

From the disclosure thus described, it will be obvious that the embodiments of the
disclosure may be varied in many ways. Such variations are not to be regarded as a departure
from the spirit and scope of the disclosure, and all such modifications as would be obvious to

one skilled in the art are intended for inclusion within the scope of the following claims.
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CLAIMS

1. A method of welding laminated metal foils sandwiched between a pair of metal
plates to the pair of metal plates, the method comprising:

locally pressing and crimping the laminated metal foils sandwiched between the pair of
metal plates at a welding point in a laminating direction; and

welding the crimped pair of metal plates and laminated metal foils at the welding point.

2. The method according to Claim 1, wherein in the crimping, a thickness of the
crimped laminated metal foils is made 50% or less of a thickness of the laminated metal foils

before it is crimped.

3. The method according to Claim 1 or 2, wherein in the welding, the welding point is

irradiated with a laser beam to be welded.

4. The method according to Claim 3, wherein in the welding, an irradiation condition of
the laser beam is feedback-controlled based on intensity of thermal radiation light emitted from a

molten pool formed by the irradiation of the laser beam.

5. The method according to Claim 4, wherein in the welding,

contact of the molten pool with a base on which the pair of metal plates and the
laminated metal foils are placed is detected based on the intensity of the thermal radiation light,
and

when the contact of the molten pool with the base is detected, the irradiation of the

molten pool with the laser beam is ended.



