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Abstract

Secondary manufacturing processes used on electrical steels, such as mechanical or laser cutting,
have a detrimental effect on the magnetic properties and increase the losses for electric motors.
When the process is mechanical, there is both work hardening, and residual stress induced near
the cut edge. The knowledge of the type of deterioration near the cut edge and the degree of
deterioration is important for designing electrical machines in terms of magnetic field and loss
calculations. The present paper evaluates the effect of punching on the microstructure and
mechanical properties of non-oriented electrical steel. Scanning Electron Microscopy (SEM) and
Electron backscattered diffraction (EBSD) analysis was performed on the cross section of the
punched non-oriented electrical steel to study the evolution of microstructure and crystallographic
texture near the edge whereas nanoindentation was used to determine the hardness profile. The
observed mechanical properties were related to the microstructure near the edge, which was highly
heterogeneous. The microstructure of the punched steel consisted of elongated grains and shear
bands with ultrafine grains of size smaller than 500 nm. The hardness was maximum in a region
where shear bands were observed in the punched microstructure and the value obtained was 4.54
GPa. This hardness increase, with respect to the average hardness of undamaged steel (3.15 GPa),
was attributed to various factors such as grain refinement, work hardening and residual stress.
Finally, pop-in analysis was done to study the extent of work hardening due to punching and its
effect on hardness. The zero pop-in region was extended to a distance of 200 um from the edge in

the fracture section whereas it was 50 um in roll over section.
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l. Introduction

Manufacturing processes used for electrical steels, such as laser cutting, guillotining and
punching, change the material’s microstructure, create residual stresses, and affects the magnetic
performance. Mechanical punching is a popular, low cost and easy to use process to fabricate
machine cores from electrical steel laminations [1], [2]. This method introduces plastic
deformation near the edge and therefore, creates a damaged region with increased hardness due to
residual stress and work hardening. These effects along with other microstructural changes will
cause deterioration in magnetic properties such as increase in losses and drop in flux for a given
field strength [3]-[5].

Non-oriented electrical steel (NOES) is a magnetically soft ferromagnetic material, which
is manufactured in the form of laminations [6]. NOES is a class of steel with 3 % Si and is
characterized by {100} <uvw> as a favourable texture component, where <100> direction, which
is easy to magnetize, is randomly oriented along the plane of the sheet [7]. Owing to its isotropic
nature in terms of magnetic properties, non-oriented electrical steel (NOES) is widely used as a
core material for magnetic flux transfer in motors and as such is one of the most important
magnetic material in power and machine industry [6].The effect of punching on the magnetic
properties has been investigated in the literature by direct magnetic property measurement [1], [8],
[9] or study of microstructural modification near the punched edge [4], [10]. A recent work by
Xiong et al. [10] studied the changes in microstructure of the mechanically cut non-oriented
electrical steel (NOES) lamination and tried to relate the microstructural changes to the magnetic
deterioration. The microstructure of the top surface and bottom surface was separately analysed
by electron back scattered diffraction (EBSD) and the increase in misorientation angle distribution
near the edge was reported. Similar results were reported by Harstick et al. [4] where EBSD was
used to observe local change of properties. The misorientation angle distribution gives an idea
about the dislocation density where high misorientation angle represents more dislocations. The
dislocations act as pinning sites for the movement of magnetic domains resulting in the increase
in losses [4]. In addition to the increase in dislocation density near the edge, punching causes
severe plastic deformation, which can change the grain morphology of the sample.



The effect of the punching process on the material can be understood as a series of
consecutive events. First, the punch comes in contact with the metal sheet causing it to roll over.
This leads to an increase of the load until it reaches fracture shear stress of the metal. At this stage
of punching, the load increases until a crack is initiated leading to ductile fracture and the formation
of burr [10], [11]. Thus, the cross section of the punched edge can be divided into four sections:

roll over, the shear zone, the ductile fracture and the burr.

In addition to the microstructural modifications near the edge, punching induced residual
stresses will also lead to the deterioration of magnetic properties. It is difficult to measure residual
stresses induced by punching experimentally, however, some researchers in the past used
microhardness to measure internal stress due to mechanical cutting [1]. The main issue with this
method is that hardness is affected both by work hardening as well as residual stress and, therefore,
the hardness change cannot be attributed to residual stress only. Further, some researchers tried to
measure residual stresses by x-ray diffraction [12] but the measurement was not limited to the edge
of the punched lamination. Therefore, finite element analysis has been done recently by Weiss et
al. [13], Fujisaki et al. [14] and Kashiwara et al. [15] to analyze the residual stress distribution in
the punched lamination.

The present work focusses on the microstructural modifications near the edge due to
punching and its relation to mechanical properties. An idea of hardness change only due to residual
stresses is given in this paper by relating nanoindentation measurements with microstructure.
Hardness and pop-in displacement are used along with microstructural characterization to
determine not just the extent of damage in the steel, but also the nature of the damage in the
different regions of the steel. This information on the precise nature of the material modifications
due to punching are useful for understanding better the effects of these phenomenon on magnetic
properties. Understanding the mechanical property and microstructure changes due to punching
can help the materials engineers and motor designers to better account for the extent of damage

and the effect on the magnetic properties.



1. Experimental
1. Material

The material studied was a punched NOES lamination of grade 35WW250 which was
provided by the TM4 Company. It was punched into a motor lamination design (150 mm outer
diameter) by standard industrial process. In a standard punching process, the punch press is used
to force a tool, called a punch, through the lamination to create a hole. A die is located on the other
side of the lamination to support it during punching as shown in Fig. 1. The punch and die are
close to the same dimensions causing shearing at the edge where they meet. The clearance between
the punch and the die generally range between 2 % and 10 % of the sheet thickness [11].
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Fig. 1 Schematic illustration of designing the sheet metal by punching, indicating the formation of burr near the
punched edges.

2. Microstructural Characterization

For microstructure investigations of the punched edge, Hitachi SU8000 and SU3500
electron microscopes with Oxford Instrument Nordlys Il EBSD camera were used. The EBSD
system on the SU3500 and SU8000 SEMs were controlled by the Aztek and Channel 5 software,
respectively. Band contrast (BC) and inverse pole figures (IFP) maps were generated using Tango,
which is part of the Channel 5 software suite. EBSD analysis and nanoindentation require a flat
and highly polished surface. The steel cross sections were cold mounted in an epoxy resin, ground
to 1200 grit SiC paper followed by polishing using 3 um and 1 um oil-based diamond suspension.



Finally, the vibratory polishing was performed for ~ 20 hours using 0.05 um colloidal silica
suspension [16]. Lower magnification (~200 X) EBSD and band contrast maps were obtained with
the SU3500 in VP-SEM mode (Vapour pressure mode) and at an accelerating voltage of 20 kV.
This mode was selected to avoid the charging effect in the image due to non-conductive resin. For
high resolution EBSD maps, the SU8000 was used to reduce the lateral spatial resolution of the
EBSD analysis owing the nanometer scale probe size of the microscope. In some cases, the surface
condition of the sample was improved by ion milling before obtaining high resolution maps using
an Hitachi IM3000 Ar* flat milling system. The accelerating voltage, incident angle from the
specimen surface and milling time were 5 kV, 7° and 30 minutes, respectively. To avoid charging
due to non-conductive resin mount and for better beam stability, the mounted specimen was coated
with chromium with a coating thickness of 2 nm. Areas near the punched edge were also analysed
using the electron channeling contrast (ECC) obtained via back scattered electron (BSE) imaging
using the SUB000 at an accelerating voltage of 5 kV. The BSE detector was a solid-state photo-
diode detector located below the SEM pole-piece. Grain size was calculated by mean lineal

intercept method from SEM micrographs [17].

3. Nanoindentation

Nanoindentation measurements were carried out on the cross section of the tooth of motor
lamination (Fig. 2) at room temperature using Hysitron Ubi Indenter. The tooth of the motor was
5 mm wide with a thickness of 0.35 mm. The tests were conducted with a calibrated diamond
Berkovich indenter tip. The hardness and reduced modulus of steel specimens were determined
from nanoindentation tests using a standard Oliver and Pharr analysis [18]. The reduced modulus,
E,, of the sample was calculated from stiffness measurement obtained from the unloading slope

and area function of the diamond indenter and is defined as follows (Eq. 1):
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where v is the Poisson’s ratio and E is the Young’s modulus. The values of Poisson’s ratio and

Young’s modulus for diamond indenter are 0.07 and 1140 GPa [18].



Loading and unloading each lasted 5s with the maximum force of 5 mN and the hold period
was 2s. Indentation was performed in rows starting from the punched edge of the sample towards
the centre with the spacing of ~20 um between the indents as shown in Fig. 2. The load —
displacement curve for one indent is shown in Fig. 3 where the indent was performed away from
the damaged region. There is a discontinuity in the loading curve at lower loads due to the
generation of dislocations that marks the transition from elastic to plastic region. This is called
pop-in effect [19]. The ability to observe pop-in may be reduced by conventional mechanical
polishing [20], due to near-surface damage. The damage can be reduced by taking appropriate care
in polishing and the inclusion of a final step of vibratory polishing. After sample preparation, an
indentation test in the middle of a large grain exhibits pop-in as shown in Fig. 3. If significant
damage from polishing remained, observation of pop-in of this type would not be possible. Thus,
the polishing procedure was optimized for minimal effect of residual polishing damage. Similarly,

indentation size effect (ISE) of the variety caused by polishing damage [20] was also avoided.
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Fig. 2 Motor lamination with segmented sections, called as teeth of the lamination, prepared by punching. A single
tooth and its cross section is shown to locate the area of interest in the present study. The region within the red box
describe the position where nanoindentation and SEM measurements were performed.
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Fig. 3 Load versus displacement curve for the given non-oriented electrical steel, indicating the occurrence of pop-in
event. The indent was performed in the region away from the punched edge.

I1l.  Results
a) Microstructure and Texture

The SEM micrographs (BSE image) of the cross section of 35WW250 punched sample far
away from and at the edge are shown in Fig. 4. From Fig. 4 (a), the region away from the cut edge
is observed where undeformed grains are visible due to electron channelling contrast caused by
the differences in crystallographic orientation. From images like this in surface view and the
number of others, the average grain size was measured to be 120 + 21 um. Fig. 4 (b) shows the
other contrast effects due to severe plastic deformation near the punched edge. Due to plastic
deformation, there is generation of dislocations and other crystal defects along with the residual
stress that results in a complex microstructure as seen in ECC images. There are point-to-point
changes in orientation due to lattice curvature within the deformed grain that results in bend
contours [21]. These bend contours are observed in region 3 of the microstructure in Fig. 4 (b).
The deformation structure appears to be heterogeneous with different microstructural features at
different points, such as region 1 represents finer elongated grains and region 2 represents
deformed area where grains are not visible. In addition, there is a region in the microstructure,

region 4, where an undeformed grain is present.
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Fig. 4 Electron channeling contrast (ECC) micrographs of the cross section of 35WW250 steel. The micrograph on

the left (a) is the cross section of the steel sheet away from the edge which shows the undeformed grains. The image

on the right (b) is the cross section of punched edge which indicates the formation of burr and other microstructural
inhomogenities. Regions in the figure (b) are highlighted to represent different microstructural features.

Band contrast and Inverse Pole figure maps (Fig. 5) of the punched edge were constructed
from EBSD data. Deformation bands (shear bands), formed due to severe plastic deformation at
the edge, are clearly recognised as linear features with poor pattern quality in region 2 in Fig. 5,
resulting in dark areas in band contrast map. The EBSD pattern quality generally becomes worse
with increasing crystal lattice distortions due to a high dislocation density [22]. The poor EBSD
pattern quality indicates that the stored energy of the grain is high, whereas high EBSD pattern
quality represents low stored energy [22]. The deformation structure observed at the punched edge
is highly heterogeneous as seen from the EBSD data (Fig. 5), which is in agreement with the ECC
micrographs (Fig. 4 (b)). This is mostly due to the fact that the deformation structure depends on
the orientation of the deformed grains [23]. In addition, there are regions (region 2) in Fig. 5 which
corresponds to a high density of shear bands. These shear bands consist of high angle grain
boundaries deforming with different slip systems rotated towards higher misorientations [24].

Similar microstructural observations were made on another tooth of the punched
35WW?250 steel lamination and the band contrast images are shown in Fig. 6. An apparent higher
density of shear bands was observed at the point where burr started to form (region 2). Elongated
grains are inclined to the punching axis forming a splintered or fish bone microstructure (region
1). In addition, there is no undeformed grain within the burr section (region 4), as was in the case
of previous tooth region (Fig. 4 and Fig. 5). So, in general there are different microstructural



features that are observed in the punched steel, such as, elongated grains (region 1) and shear bands

(region 2).
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Fig. 5 Band contrast (a) and Inverse pole figure (b) EBSD maps of the cross section of punched 35WW250 steel.
Four regions (regions 1-4) are highlighted in the figure, which matches with those in Fig. 4.
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Fig. 6 Band contrast (a) and inverse pole figure (b) EBSD maps of cross section of punched 35WW250 steel from
another tooth of the steel lamination (see Fig. 2). The highlighted regions are similar to those marked in Fig. 4 and
Fig. 5.

The band contrast map along with inverse pole figure for the region with elongated grains
(region 1 from Fig. 5) at higher magnification is shown in Fig. 7. These flattened grains are formed

in {110} orientations, which is one of the slip planes for bcc metal and are elongated in a direction



inclined to the punching direction. This is in good agreement with the fact that these ribbon grains
develop from the regions of stable crystal orientations [24]. Also, stored energy for {110} is higher
compared to {111} and {100} which means slip starts on {110} orientation [23]. From Fig. 7,
shear bands have started forming perpendicular to the ribbon grains, which implies that the ribbon

grains can further break up into submicron grains at higher strains.

The development of shear bands is a mechanism of accommodating large strains. Different
sets of shear bands are observed in the sample as shown in Fig. 4 and Fig. 5 (region 2). Individual
shear bands were successfully imaged by SEM and consisted of submicron sized grains (Fig. 8).
This implies that the new fine grains are not evolved homogenously throughout the deformation

structure by severe plastic deformation but mainly inside the shear bands.
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Fig. 7 Band contrast and inverse pole figure EBSD map of the burr section (cross section) of punched 35WW250
steel (see full scan in Fig. 5). This image also highlights regions 1, 2 and 4 from Fig. 5.



Fig. 8 ECC images of shear bands observed in the damaged region in 35WW?250 steel. It gives a magnified view of
region 2 from Fig. 4.

The band contrast and inverse pole figure maps of the shear bands (those from region 2 of
Fig. 5) are shown in Fig. 9. Ultrafine grains with grain size smaller than 500 nm are found within
the shear bands. The shear bands are mostly found in the region where burr starts to form (region

2 in Fig. 5), which is known to be a region that experienced high strain.
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Fig. 9 Band contrast and Inverse pole figure EBSD map of shear bands observed in the damaged region in
35WW250 steel (region 2 from Fig. 5).



From the ECC images in Fig. 4 and band contrast maps in Fig. 9, the damaged regions
were highly heterogeneous with different microstructural features at different points. The
microstructural features formed during the severe plastic deformation depends on the level of strain
in the material [24]. This implies that the regions in the punched sample underwent different levels
of strain that results in ultrafine grain development within shear bands in one section and ribbon
grains in another. Some grains in the damaged zone are not changed but some contrast was

observed within the grains by electron channelling (region 3 in Fig. 4).

b) Nanoindentation
Load-displacement curves, measured by nanoindentation, from different regions of the
cross section (Fig. 4 and Fig. 5) of the given steel sample, are shown in Fig. 10. At a constant load
of 5 mN, the indentation depth is maximum for undamaged area (Fig. 4 (a)) and decreases in the
damaged region (Fig. 4 (b)), which means the hardness increases in the damaged area. Also, inside
the damaged region the hardness varies from one region to another depending on the distance from

the cutting edge, which may be linked to the microstructure. The curve for undamaged area shows

an obvious pop-in behaviour whereas no pop-in is observed in damaged regions.
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Fig. 10 Representative load displacement curves from three different regions of cross section of punched 35WW250

steel. The undamaged area corresponds to the area in the image at the left in Fig. 4. Region 2 and region 3 are the
regions highlighted in the right-hand side image (b) in Fig. 4.



c) Hardness profiles

The hardness profiles of the cross section of the sample (Fig. 4) were obtained from
nanoindentation near the punched edge. The scanning electron image of the rows of indents near
the punched edge is shown in Fig. 11.

Fig. 11: Scanning electron image of the cross section of punched 35WW?250 steel indicating the residual indents
after nanoindentation.

Hardness profiles were different for different sections: roll over, sheared, fracture and burr
section. This change in hardness was attributed to the different microstructural features
(highlighted regions in Fig. 4 and Fig. 5) associated with each section due to different strain levels.

Therefore, the total hardness in the damaged region can be written as (Eq. 2) [25]:

H == HO + HGR + HRS + HWH (2)

Where H,is the average hardness of the undamaged region (Fig. 4a), H;y is the hardness
change due to grain refinement (region 1 and 2 in Fig. 4b), Hgs is the hardness change due to
residual stress (region 3 in Fig. 4b) and H,, is the hardness change due to work hardening. Work
hardening is the strengthening of the material due to increase in dislocation density caused by
plastic deformation. Region 2 in Fig. 5 represents the high dislocation density regions because of
poor quality EBSD in those regions. Fig. 12 shows an ECC image of the sample indicating different



sections where nanoindentation measurements were performed. The figure also gives an idea of

the type of residual stress induced based on previous literature [15], [26].
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Fig. 12 ECC image of the cross section of punched 35WW?250 steel (see Fig. 4) indicating different sections namely:
roll over, sheared, ductile fracture and burr.

i. Roll over

The hardness as a function of distance from edge for roll over section is shown in Fig. 13.
The hardness near the punched edge is increased to 3.5 GPa compared to the bulk hardness of the
steel which is 3.15 GPa. The microstructure of punched edge is shown in Fig. 4 and Fig. 5 which
clearly indicates that there is no change in the grain size in roll over section but the residual stress
is induced (region 3 in Fig. 4). The strain in this section was not high enough to start the formation
of shear bands or ultrafine grains. Therefore, hardness change for this section can be attributed to

residual stress and work hardening.

il. Sheared

The hardness profile of sheared section is shown in Fig. 14. The hardness increase in this
section is higher than that of roll over and maximum hardness is increased to ~ 4 GPa. The
microstructure of this section is comprised of grains with no change in grain size and residual

stress induced which can be seen from Fig. 4b (region 3).
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Fig. 13 Hardness vs distance from the edge in roll over section is shown. This section mainly consists of region 3
(residual stress), which is clear from Fig. 4 and Fig. 5.

5
Sheared section
4]
n
] n

£ 3
e
/2]
8
e 24
=]
™
©
b

14

—
0 ; Punching

T T T T T T T T T T T T
0 100 200 300 400 500 600
Distance from edge (um)

Fig. 14 Hardness vs distance from the edge in sheared section is shown. This section mainly consists of region 3
(residual stress), which is clear from Fig. 4 and Fig. 5.

iii. Ductile fracture

Ductile fracture section starts when the applied stress is enough to initiate a crack for the
rapid breakthrough of the sheet which involves a ductile fracture. The relation between hardness

and distance from the edge is shown in Fig. 15. The hardness shows an increasing trend initially,



reaches a maximum and then decreases to the average bulk hardness. The microstructure of this
section (Fig. 4 and Fig. 5) consists of ultrafine grains within the shear bands and also residual stress
induced grains with no change in grain size. Tensile residual stress is present near the edge which
results in lower hardness [13]-[15], [26] and then, hardness increase can be attributed to higher
density of dislocations in the shear band area (region 2 below region 4 in Fig. 4). The peak hardness
is also due to the combined effect of compressive residual stress and higher dislocation density
near the point where burr started to form (shear band area in region 2 above region 4 in Fig. 4).
Fujisaki et al [14] confirmed the presence of compressive residual stress at this point by finite
element simulations. Higher density of dislocations is due to work hardening and hence, the

hardness change can be attributed to work hardening, residual stress and grain refinement.
v, Burr

A burr was observed in the punched sample, which is formed by plastic deformation. The
hardness profile in the burr section shows that hardness throughout this section is higher than the
bulk hardness of the sample (Fig. 16). The microstructure is comprised of shear bands and

elongated grains, formed as a result of severe plastic deformation.
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Fig. 15 Hardness vs distance from the edge in fracture section is shown. This section mainly consists of region 2
(shear bands) which is clear from Fig. 4 and Fig. 5. The microstructure in this section also consists of region 1, 3 and
4.
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Fig. 16 Hardness vs distance from the edge in burr section is shown. This section mainly consists of region 1
(elongated grains) which is clear from Fig. 4 and Fig. 5. The microstructure in this section also consists of region 2,
3and 4.

d) Pop-in analysis

The pop-in analysis is used to separate the work hardened region and ultrafine grained
region from residual stress region. Zero pop-in displacement means that the dislocation density is
high enough or the grain size is small enough for smooth transition from elastic to plastic region.
Thus, the hardness increase in zero pop-in regions must include work hardening effect, ultrafine
grains or both. The pop-in displacement versus distance plots for all the four sections, roll over,
sheared, ductile and burr section, is given in Fig. 17. The distance of zero pop-in is maximum for
ductile fracture section compared to other sections. There is an increasing trend of pop-in
displacement versus distance beyond zero pop-in region for all the sections. Also, zero pop-in
displacement is observed for some indents away from the damaged area. This is due to the fact
that the indent was on grain boundary, precipitates or other material defects which has higher
dislocation densities than the grain interiors [27].

The difference in the pop-in behaviour in damaged and undamaged areas from all the four
sections is because of the difference in density of dislocations. The density of dislocations in the
damaged region is high, thus the probability of mobile dislocations underneath the indenter is

significantly high. Therefore, plasticity can be initiated by the activation of existing mobile



dislocations resulting in very low (or zero) pop-in displacement. The region with low dislocation
density have lesser mobile dislocations and hence, nucleation of dislocation occurs during
indentation resulting in a significant pop-in displacement. The movement of pre-existing
dislocations require lower loads than nucleation of dislocations [28]. Also, higher pop-in load
corresponds to higher pop-in displacement and vice versa as shown in Fig. 18. Hence, the
increasing trend of pop-in displacement with distance away from the punched edge can be

explained by dislocation theory [29].

Hence, the hardness profiles and pop-in behaviour vary in these four sections as discussed
above based on the microstructure. In addition to the hardness and pop-in measurements, reduced
modulus, £, was also derived from nanoindentation tests [18]. The reduced modulus values at
different points as a function of distance from the edge is shown in Fig. 19. The reduced modulus

seems to have a constant value throughout and the average value is around 218 GPa.
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Fig. 17 Pop-in displacement vs distance for all the sections in cross section of punched 35WW250 lamination from
Fig. 12.
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Fig. 18 Pop-in displacement vs pop-in load of the cross section of punched 35WW250 steel. The figure indicates
that higher loads are required for higher pop-in displacement. The figure corresponds to the pop-in displacement
curves from Fig. 17 focussing on the region beyond the zero pop-in area.
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Fig. 19 Reduced modulus of the given steel lamination vs distance from the edge for few rows of indents.

V. Discussion

Electrical steel is a large-grained ferrite with a relatively low density of dislocations [30].
Punching induces work hardening, residual stress and microstructural changes, such as grain
refinement and formation of shear bands. The nanoindentation response of such dramatically
different microstructures is very different. During a nanoindentation test on a single grain with
relatively low dislocation density, the first stages of plasticity often initiate suddenly and are

identified on the loading curve by a so-called “pop-in” [19], [29]. This phenomenon is associated



with dislocation activity like dislocation nucleation and dislocation pile ups. When an indentation
tip approaches a surface, a load on the tip will cause the dislocations to multiply and expand, which
results in the penetration of the tip in the sample [31]. This implies that the material is elastically
and plastically deformed around and underneath the tip, which is represented by the region before
pop-in and after pop-in in the load-displacement curves, respectively. As the density of pre-
existing dislocations increases, the load, frequency and width of the pop-in decrease [19], [29].
The pop-in phenomenon is also influenced by other factors, such as crystal orientation, grain
boundary and inclusions. A zero pop-in displacement is observed at the grain boundary, which is
due to the participation of dislocations within the grain boundary in the continuous motion of the
indenter tip. Since, the formation of ultrafine grains results in an increase in the grain boundary

area, the pop-in displacement is zero in these regions (region 2 from Fig. 4 and Fig. 5).

The microstructural observations near the punched edge, as shown in Fig. 4 and Fig. 5,
suggests that the level of strain varies from one point to another within the damaged region, which
results in the formation of different microstructural features during punching [24]. During the
initial stages of punching (which is mainly represented by roll over and sheared sections), some
significant orientation gradients were found within the distorted original grains, indicated by bend
contours in Fig. 4 (region 3). As the punching process continues, the strain level inside the material
is increased, which reaches its maximum at fracture. This results in the formation of ribbon grains
(elongated grains) that develop from stable crystal orientations and continue to decrease in width
with strain [24]. The regions with unstable crystal orientations with high strain levels gives rise to
bands of much finer grains, which can be due to the high angle grain boundary density in those
areas. The development of shear bands subdivides the cellular structure and a deformation
substructure with a number of mutually crossed bands evolved at higher strains, which was
observed in fracture and burr section of the sample. The points of intersection of shear bands can
be considered as a preferential site for the development of highly misoriented submicrocrystalline
structure [32]. The difference between the stable elongated grains and the ultrafine grains within
the shear bands reflects the extreme ends of the rate of grain subdivision. Also, occasional
transverse boundaries were observed within the ribbon grains (Fig. 7) that have not yet formed the
continuous boundary breaking down the grains. This occurs due to the heterogeneity in the plastic

flow.



Punching also affects hardness profiles near the edge. The hardness change near the edge in
roll over section (Fig. 13) is attributed to the plastic strain and tensile residual stress with no
significant microstructural change (Fig. 4 and Fig. 5). It was confirmed by Kashiwara [15] by
simulating plastic strain and magnetic induction. Zero pop-in displacement in this region, which
retains bulk grain size, means higher density of dislocations. The second section of punched cross
section, sheared section (Fig. 14), was characterised by higher hardness near the edge compared
to roll over and zero pop-in displacement. Fracture section (Fig. 15) showed hardness peak at a
distance from the edge which was in good agreement with the microstructural observations from
the band contrast maps (Fig. 5). Severe burr section (Fig. 16) showed zero pop-in displacement
over the entire region due to plastic deformation. The size of the burr formed during punching
depends on the clearance between the punch and the die during punching. An optimized clearance
minimizes the deformation near the edge, improves the edge quality and therefore, plays an
important role in designing the motor core laminations. Clearances generally range between 2 %
to 10 % of the sheet thickness [11]. Most of the previous researchers have reported the deterioration
of the magnetic properties during mechanical cutting, however, there is lack of information in the
literature concerning the microstructural changes due to deformation and the associated magnetic
deterioration. This paper gives a detailed microstructural and mechanical property characterization

of a motor core lamination.

The summary of the mechanical properties of different microstructural features is given in
Table 1. The total hardness change near the damaged edge can be attributed to the combined effect
of grain refinement, work hardening and residual stress. The type of residual stress is also
important to consider because tensile residual stress decreases hardness whereas compressive
increases [33]. The amount of hardness increase due to work hardening also varies depending on
the stress and strain level in that particular region. So, the process seems to be complex and

therefore, we will discuss each section separately.

The roll over region is mainly characterized by stress induced grains with no change in grain
size. The stress level is not high enough to form shear bands but the dislocation density increases
which is confirmed by pop-in zero distance near the edge (Fig. 17). Therefore, the hardness
increase is due to work hardening and residual stress as shown in Table 1. The sheared section also
comprises of stress induced grains with no grain size change. The strain in this section is higher



than roll over and dislocation density is increased. This is confirmed by pop-in zero displacement
region extending up to ~140 um from the edge (Fig. 17). The third region which is the fracture
section having maximum heterogeneities have the total hardness increase by all the three factors
(work hardening, grain refinement and residual stress). From the above discussion, it can be
concluded that the hardness increase can be due to different factors and it is difficult to separate
the compressive residual stress effect from the tensile residual stress because of the complexity of

microstructure.



Table 1 Mechanical properties in different sections of punched 35WW250 steel.

Section

Roll over

Sheared

Fracture

Burr

Microstructural features

Region with no grain size

change but zero pop-in

Region with no grain size

change and non-zero pop-in

Region with no change in grain

size but zero pop-in value

Ultrafine grains within the shear

bands

Region with no change in grain

size and non-zero pop-in value

Region where burr starts to form

Region with elongated grains

Region  within  undeformed

grain

Av.

hardness

GPa

3.39

3.3

3.43

3.98

3.24

4.39

3.61

3.56

Max.

Hardness

GPa

3.68

3.46

3.6

4.54

3.34

441

4.01

3.69

Min.

Hardness

GPa

3.01

3.08

31

3.48

3.05

4.38

3.49

3.3

Std. Dev.

0.34

0.19

0.17

0.38

0.13

0.02

0.31

0.17

Possible
reason
for
hardness

increase

Work hardening + Residual

stress

Residual stress

Work hardening + Residual

stress

Grain  refinement +Work

hardening + Residual stress

Residual stress

Grain  refinement +Work

hardening + Residual stress

Grain  refinement +Work

hardening + Residual stress

Work hardening + Residual

stress

From all the above results and discussion derived from SEM and nanoindentation, the distance

of damage near the punched edge was found out to be ~300 pum. This damaged zone consists of

severely plastic deformation regions and some undeformed grains with residual stress induced.



The complex microstructural features of the damaged region near the punched edge can affect the
magnetic properties of the electrical steel, such as core loss and permeability. The increase in the
number of dislocations due to work hardening and shear band formation increases the pinning sites
for magnetic domain movement [2]. This results in an increase in core loss and drop in
permeability of the steel lamination. In addition, the formation of burr increases the extent of
deformation during punching and therefore, maintaining an optimum clearance is very important
for motor core manufacturing. Also, the residual stress induced by punching affects the magnetic
properties of the electrical steel lamination where compressive residual stress increases losses and
tensile decreases [15]. Therefore, the magnetic properties vary from one region to another near the
punched edge of the lamination based on microstructure. This dependence of magnetic properties
on microstructure requires an appropriate database to enable the adaption of an accurate model for
punching effects during the design process.

V. Conclusions

The industrial punched sample was examined under electron microscope and the
microstructural features which can deteriorate magnetic properties were analysed. The
deformation structure formed due to punching was found to be heterogeneous and consisted of
shear bands and ribbon grains. The ribbon grains were formed from stable crystal orientations,
whereas shear bands were formed from unstable orientations. The increase in hardness for roll
over section was small which was attributed to the plastic strain and tensile residual stress. Sheared
section was characterised by plastic strain and residual stress. Ductile fracture section showed an
increasing trend of hardness initially reaching a peak and then decreasing. Burr section was
characterised by plastic strain which was indicated by zero pop-in displacement in the entire
section. The dislocation density increased due to work hardening and shear band formation can be
the major cause of deterioration of magnetic properties. This is because the dislocations act as
hindrances to the motion of domains resulting in the increase of losses. Further, the distance of
damage was maximum for the ductile fracture section among the other four sections, which means

that magnetic property deterioration varies from one point to another within the damaged region.
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