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Abstract

The energy efficiency of electric motors is largely determined by the magnetic and electrical properties of the soft
magnetic core material. For high-frequency applications in the automotive sector, the cores usually consist of iron-silicon
alloys with several lamellae electrically insulated from each other to minimize eddy current loss. To join these lamellae, a
novel method with individual, statistically distributed weld spots instead of continuous linear welds is used. The influence
of beam power and beam intensity on the weld geometry and grain structure of the material is investigated.
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1. Introduction

The power density and energy efficiency of electrical machines is largely determined by the magnetic and
electrical properties of the soft magnetic iron core material. Typically the cores are made up of several
individual lamellae of iron-silicon alloys with a silicon content of up to 6.5 wt% [1-3]. For electrical insulation
and corrosion protection, the lamellae are coated with an insulation coating in accordance with DIN EN 10342
[4; 5]. The shaping of the lamellae by punching or laser cutting inevitably leads to mechanically or thermally
induced stresses and thus has negative effects on the magnetic properties of the material [6-10].

Iniron cores made of electrical steel sheets, the combination of low electrical conductivity (high Si-content)
and high inductance (lamellar structure) is used to reduce the losses during the remagnetization of the core
and thus increase its efficiency [11; 12]. For joining the lamellae, adhesive bonding, stamping, punch-packing,

' Corresponding author. Tel.: +49 241 80-96323
E-mail address: krichel@isf.rwth-aachen.de



LiM 2021 - 2

and welding have been established [13—15]. Each of these processes has a negative effect on the magnetic
properties compared to a non-connected lamellae package [14], with bonding and stapling having the least
influence [9]. However, the disadvantages of a low building factor and the cost intensive adhesive outweigh
the advantages of bonding [15]. In the stamping process, the lamellae are deformed and stapled into each
other. As a result the insulation layer is locally broken, which leads to short circuits and thus increased losses
[14; 16]. The same applies to welding, which has so far only been used in the form of line welds to join the
lamination stacks axially. In previous work it was found, that deterioration of the magnetic properties for line
welding is higher than for spot welding [17]. Therefore a statistically equally distributed spot arrangement is
investigated in this paper.

The heat input during welding also leads to changes in the grain structure and to residual stresses, both of
which have a negative effect on the magnetic properties [14; 18-20]. In a current research project of the
welding and joining institute (ISF) of RWTH Aachen University the aforementioned issues of welding are to be
solved by the use of spot welds, which connect only 2-4 lamellae at a time. Laser beam welding in Vacuum
(LaVa) is used for this purpose [21]. By means of individual small joints, short-circuit paths and welding residual
stresses are to be induced only very locally, thus increasing the efficiency compared to line welds. This paper
discusses the influence of beam power and beam intensity on the weld geometry and grain structure of the
investigated material.

2. Materials and Methods

For the investigations in this paper two different laser systems were used (Fig. 1, left). A multi-mode disc
laser (TRUMPF "TruDisc 16002") with a wavelength of 1030 nm and a single-mode fiber laser (IPG “YLS-2000-
SM-Y16”) with a wavelength of 1070 nm. Both systems use optical fibers for beam guidance with a fiber
diameter of 200 um for the multi-mode and 35 pum for the single-mode laser. Both systems were used with an
IPG ,,D50“ laser optic with a focusing length of 300 mm and an imaging ratio of 2:1. This results in a focus
diameter of 400 um for the multi-mode and 70 um for the single-mode laser. The laser beam is guided by the
laser optics into a vacuum chamber, which can generate a working pressure of 1 to 1000 mbar. A protective
gas flow of argon is fed into the vacuum chamber to displace remaining atmosphere gases (Fig. 1, right).

type energy distribution | wavelength | focus diameter | beam power working pressure gas flow (Ar)
[nm] [um] (W] [mbar] [I/min]
s 1000 15
multi- : .
1030 400 320 - 16000 ! 0.5
mode
Pw]
- i pulse shape

single-
: 1070 70 200 — 2000 . . .
mode 0 30 70 100 t[ms]

d

Fig. 1. Comparison of used laser beam systems (left); process parameters (right)

The used material M280-30AP [22; 23] is a soft magnetic iron-silicon alloy with 3.7 % Si-content. The average
grain size dk = 80 um of the base material was determined using the line-cut method according to DIN EN ISO
634 [24].

The sheets have a thickness of 0.3 mm and are coated with an insulating varnish with a layer thickness of
2-10 um. For the production of ring cores, the sheet was cut by laser beam cutting into annular lamellae with
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an outer diameter deof 60 mm and an inner diameter d; 48 mm (Fig. 2). A ring core consists of 30 lamellae,
which are fixed and welded with a contact pressure of 0.1 N/mm?2. The defined contact pressure is sufficient
to fix the lamellae without promoting pore formation [13]. Two joining strategies are investigated: line welds
with continous wave beam and single spot welds with a pulse shape according to figure 1. In the case of line
welds, 4 welds were made per core, each with 90° offset on the outer diameter, and all lamellae were joined
axially.

In the case of spot welds, 4 welds were also made with 90° offset on the outer diameter, but this only
connected 3-4 lamellae per spot. After this first plane has been welded, the ring is offset axially by 0.31 mm
(a lamella width of 0.3 mm plus twice the average coating thickness) and turned radially by a defined angle
afterwards 4 spot welds are applied again. Repeating this several times with different roation angles creates
statistically equally distributed positions of the spot welds. The variing rotaion angles were calculated with the
Latininized Centroidal Voronoi Tesselation Method (LCVT) [25].

| d;= 48 mm |

dg=60 mm linear weld seam spot-stat.

Fig. 2. From left to right: Schematic illustration of a ring core with 30 lamellas; linear weld seam; spot welds 10° offset; spot welds statistical
distribution

During welding, the insulation coating evaporates due to the high energy input. There is a risk of seam defects
such as pores and spatter as well as inclusions of non-evaporated insulation material. Carbon can be
introduced into the melt and lead to hardening and a corresponding reduction in toughness [1; 12; 26].

3. Results and Discussion

Spot Welding. A quite high penetration depth occurred in cross sections 1 and 2 in Figure 3 due to the
comparatively high power of 400 W in relation to the small focus diameter of only 70 um with the single-mode
laser. In addition, a finer grain structure occurred in cross-sections 1 and 2 compared to the base material.
Large cross-sectional areas and changes in the grain structure compared to the base material can influence
the mechanical and magnetic properties of the material and should therefore be avoided. This also applies to
the coarse grain structure in cross section 4.

Finely dispersed impurities from the insulation coating promote fine grain formation (Fig. 3, detail of cross
section 2), while the Si content reduced by burn-off can no longer suppress the precipitation of carbides, which
accumulate at the grain boundaries and widen them. This increases the energy consumption for
remagnetization and reduces the efficiency of the electric motor [12; 27-29].

With adjusted power, cross section 3 shows a homogeneous grain structure very similar to that of the base
material and a filigree joining zone with a small joining cross section. The only disadvantage of this spot weld
is the partial connection to the third lamella, which causes an unwanted short circuit. Even with optimized
positioning, the slightly different layer thicknesses of the insulation can strongly influence the behavior of the
melt and lead to undesired short circuits or seam defects such as spattering.

The grain structure in cross section 5 is also almost identical to that of the base material, but the cross-
sectional area is significantly larger than in cross section 3 because of the bigger focus diameter of the multi-
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mode laser (400 um). In both parameter combinations, the insulation material evaporates in such a way that
the melt is not contaminated or deformed. Deformation of the melt and a resulting reduced cross-sectional
area occur at cross section 6. Here, the reduced power compared to cross section 5 is insufficient and the
small melt volume solidifies before the evaporated insulation material can outgas.

The used multi-mode laser has a minimum power of 320 W. Therefore, a comparison of lower power
ranges was not possible. The used single-mode laser can operate with only 200 W, which leads to a
homogeneous grain structure and a small cross-sectional area in cross section 7 at reduced working pressure
of 1 mbar. With the same power, cross section 8 shows a significant influence on the grain structure and the
joining geometry as well as isolated pores at atmospheric pressure. It is assumed, that the evaporating
insulation material cannot outgas fast enough and contaminates the melt.

Single-Mode | Multi-Mode Single-Mode with reduced energy input

Pg =400 W / p = 1000 mbar h8 P, = 400 W / p = 1000 mbar Py=200W /p=1mbar FAl .= 200W / p = 1000 mbar

Vi

Fig. 3. Comparison of selected cross sections

Line Welding. The line welding was performed at a working pressure of 1 mbar for both laser types. The
multi-mode laser created a weld width B of 0.66 mm with a beam power of 375 W at a welding speed of 2.2
m/min (Fig. 4). The grain structure is quite similar to the base material with an increase of dk to about 110 pm.
The small focus diameter of the single-mode laser results in a higher intensity in contrast to the multi-mode
laser. Therefore the beam power and welding speed was reduced to 200 W and 0.1 m/min respectively.
Additionally a circular beam oscillation with an amplitude of 0.5 mm and a frequency of 100 Hz was necessary
to create a uniform weld seam with a width of 0.76 mm. On the one hand the single-mode reduced the
penetration depth slightly to 0.39 mm in contrast to 0.45 mm with the multi-mode laser. On the other hand
the cross section shows, that the insulation material between the lamellae contaminated the melt (Fig. 4,
right).

It is assumed, that the carbon-based insulation coating induces carbon into the melt, which causes a very
fine grain structure. Above the lamella appears a structure with dark coloured inclusions in a brighter coloured
base material matrix. The hardness in this area is in the range of about 400 HVO0.1 (Fig.5, left), which is already
slightly above the hardness of the base material of about 240 HVO0.1. Directly above the insulation coating
between the lamellae appears an even finer grained structure with hardness up to 800 HVO0.1. Regarding the
slope-out area in Figure 5 (right), in which the beam power is decreased linear to zero to avoid an end crater,
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the influence of the coating gets more obvious. With decreasing beam power the amount of dark hard-phases
is reduced to zero above the last connected lamella where the melt shows no contamination of the coating.
Lower beam power could not be investigated with the used beam sources. However, a lower beam power is
not expected to create a significant benefit, because a coherent line weld inevitably melts parts of the
insulation coating. The higher energy intensity with the smaller focal diameter of the single-mode laser is the
most probable reason for this phenomenon, which did not appear with the multi-mode laser at any working
pressures.

Multi-Mode Single-Mode

]

B =0,66 mm B=0,76 mm
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,39 mm
Py =375 W Py =200W circular beam nsciIIaKtion
P =1mbar p =1mbar f =100 Hz ’
v, =2.2 m{min v, =0.1 m/min @ =0.5mm

Fig. 4. Cross section for line welds of multi-mode (left) and single-mode (middle); detail of single-mode line weld (right)
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Fig. 5. Hardness HVO0.1 of single-mode line weld (left); cross section of slope-out area (right)

4. Conclusion

The weldability of soft magnetic iron-silicon alloy M280-AP was investigated using a single-mode fibre laser
with a focal diameter of 70 um and a multi-mode disc laser with focal diameter of 400 um with linear welds
seams and single spot welds. A reduced working pressure was identified as major impact factor to the
weldability. High quality line welds and spot welds were created at a working pressure of 1 mbar with both
focal diameters.

The insulation coating between the lamellae is essential for the efficiency of electrical machines and can
therefore not be removed. It was shown, that evaporating coating can cause deformations of the melt. But
more important is the influence of the coating, which gets meddled into the melt and causes hard phases with
a hardness of up to 800 HVO0.1.
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The influence of the working pressure is remarkable. Only at reduced working pressure of 1 mbar it was
possible to create spot welds with minimized short circuits and minor changes in grain structure.
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