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The cut edges of electrical steel NGO laminations in electric motors experience mechanically induced plastic
deformation and residual elastic stress, which deteriorate the magnetic performance of the material. This
deterioration is accounted for empirically in electric machine modelling tools by introducing a ‘build factor’ on
the iron losses. Currently, a wide range of cut edge deteriorated widths have been reported in the literature,
depending on the method used for characterisation, the material and the cutting method. In this paper, cut edge
plastic damage characterisation was carried out using EBSD kernel average misorientation (KAM) maps and
nano-indentation to quantify the magnitude and width of the plastic damage at the cut edge for a stamped tooth
of a segmented stator and a guillotined single sheet tester (SST) sample. The relationship between the EBSD KAM
and nano-hardness values and plastic strain was found using tensile samples tested to varying applied strain
levels. Therefore, the plastic strain gradient with respect to distance from the cut edge was determined. It was
found that both EBSD and nano-indentation gave similar predictions of effective plastic strain values and damage
width: up to 1.45-1.50 at stamped cut edge over 180 um width and up to 1.35-1.4 at guillotine cut edge over
250 pm width. The relationships between the magnetic performance and elastic stress, plastic strain, and plastic
strain with elastic stress were determined using single sheet tester (SST) measurements. In addition, SST 3D FEA
models of the cut edge sample were built using COMSOL Multi-Physics software considering a single layer for
plastic damage only and two layers for plastic damage + elastic stress and elastic stress. The modelling results for
the guillotine cut edge SST samples were compared to measured data. It was found that to obtain accurate cut
edge magnetic property deterioration for NGO electrical steel laminations both the plastic strain and residual
elastic stress cut edge effects need to be included. In the cut edge model, a first layer width of 250 ym with
magnetic properties for an effective plastic strain of 1.17 under residual compressive elastic stress of —133 MPa
and a second layer width of 220 pm with magnetic properties for residual compressive elastic stress of —119 MPa
give excellent results for hysteretic BH curves and specific iron loss evaluation.

1. Introduction manufacturing, magnetic property deterioration from NGO electrical

steel lamination cut edge damage is unavoidable and increases the iron

Predicting the performance of electrical machines is challenging
with a significant trade-off between model accuracy and calculations
cost. Often models incorporating complex phenomena are not viable due
to time and cost. Therefore, discrepancies between calculated and
measured motor losses are accounted for by build factors, multipliers to
the calculated loss values [1,2] The ‘build factors’ are catch-all terms
covering changes in calculation inaccuracy, material properties, damage
due to manufacturing processes and geometrical defects. Often consid-
ered a fixed multiplier, the build factor value for iron loss can vary be-
tween 1.1 and 2.7, 10% or 270% extra loss [2-4]. During motor
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loss [5-9] a detriment to motor performance [3,4,10-13]. Cut edge
damage has been estimated to account for approximately 10-40% in-
crease in iron loss, based on motor measurements [4]. The percentage
contribution of cut-edge to the whole build factor is dependent on the
motor topology, motor geometry, selected manufacturing processes and
materials used.

At the lamination cut edge, there is a mechanically induced plastic
deformation region with reported widths varying from several tens of
micrometres to several millimetres depending on the grade of NGO
electrical steels and experimental characterisation method. The
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Fig. 1. Schematic diagram of stator lamination chip of an electric motor (a) and tested locations of stamped cut edge (b) where RD is rolling direction, TD is

transverse direction and ND is normal direction.
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Fig. 2. Schematic diagram of SST sample (a) and tested locations of guillotine cut edge (b).

Fig. 3. Nano-indentation array placement on the ND-TD plane from the cut

edge of a lamination.

variation of punched cut edge damage has been related to: the electrical
steel’s grain size [14] (with a smaller grain size leading to a smaller cut
edge affected zone); the sharpness of the cutting tool (where a sharper
tool gives less magnetic deterioration [11,13,15,16]); cutting tool

Table 1
Plastic strain level put into the sub-size ASTM E8 standard tensile
samples.

Sample number Engineering strain [%]

0.0
3.2
4.6
7.6
9.5
10.4
13.9
15.2
18.2

O ONOGOU D WM

Table 2
Plastic strain levels of SST testing.

Test number Engineering strain [%]

0.0
0.8
2.6
3.2
4.6
7.2
12.0
13.4
14.8
17.0

H O 0N U A WN-
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Fig. 4. KAM map of the stamped cut edge of the stamped lamination sample on the RD-TD plane.
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Fig. 5. KAM of the stamped cut edge of the stamped lamination sample on the ND-TD plane (multiple samples stacked together).

clearance and cutting velocity (smaller clearance and lower velocity
giving less cut edge effect on magnetic deterioration [16,17]); and the
hardness and thickness of the lamination (damage is greater in softer
and thicker materials [18]). Nano-indentation and micro hardness
studies are used to quantify the cut edge damage severity and width,
with decreasing hardness values from the edge to between 0.1 mm and 1
mm width reported [14,17-27]. Electron backscattered diffraction
(EBSD) characterisation of misorientation angles due to plastic defor-
mation giving damage widths between 0.2 mm and 0.4 mm has been
reported [11,27]. Nano-hardness and EBSD characterisation have a
resolution of less than 1 um to several micron metres [18,28,29]. Some
researchers have reported magnetic related methods of cut edge char-
acterisation including measuring localised flux around conical holes

artificially made on samples [10], Kerr microscopy [30], and magnetic
needle probe measurements [12,31], giving a large range of deteriorated
widths from 1.4 mm to 10 mm [10,12,30,31]. These magnetic mea-
surements have different measurement resolutions: 0.5 mm diameter
probe line measurement in [12,31], 0.15 mm by 0.2 mm area scan of
Kerr microscopy [30], and conical hole separation of 1 mm in [10]. Both
Weiss et al. [11] and Omura et al. [18] simulated shear cutting using an
FE model to calculate the residual elastic stress distribution in the cut
edge area. As both plastic deformation and elastic stress affect the
magnetic property of NGO steel this may explain why magnetic mea-
surements [10,12,30,31] quantified larger cut edge widths as both
plastic strain and residual elastic stress affected the magnetic signals,
however the lower resolution accuracy of these methods may also result
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Fig. 6. KAM map of guillotine cut edges of NGO lamination on the ND-TD plane.
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Fig. 7. Nano-indentation change from cut edge surface to the centre of the sample on the ND-TD plane.
in errors. bulk magnetic properties to compensate for the cut-edge deterioration.
Cut edge damage in e-machine simulations is implemented in three This has been implemented in [5,32] resulting in a 15-51% iron loss
ways. Firstly, via a uniform magnetic property change by adjusting the increase depending on cut edge quality. Secondly, via a layered
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Fig. 8. EBSD local misorientation maps of sub-size ASTM E8 standard tensile samples with 0% strain to 18.2% plastic. strain.

approach [7,8,14,23,33-39], where different layers are created in the e-
machine geometry close to the cut edge with the largest level of
degradation given to the layer closest to the edge. The deteriorated BH
behaviour is determined from measured samples with no/negligible cut
edge damage and significant damage from punched edges using a Single
Sheet Tester (SST) or Epstein Frame [8,14,23]. Thirdly, via an analytical
function approach [18,40-42], for example, a permeability analytical
function in a FE model is reported in [18,42] where the magnetic
deterioration is based on a change of permeability with distance — an
exponential function as used in [40,43]. However the separate effects of
plastic strain and residual elastic, with the corresponding local BH be-
haviours, were not accounted for in the model. There have not been any
reports on quantitative relationships developed between the cut edge
damage type and local magnetic performance to use in layered or
gradient models.

In this paper nano-indentation measurements and EBSD kernel
average misorientation (KAM) values have been related to plastic strain
levels in tensile test samples, tested to different plastic strain, and then
used to determine the plastic strain in the cut edge damaged region for
an electric motor stator lamination, all from the same grade of electrical
steel. In addition, a SST has been used to measure the magnetic deteri-
oration of the same grade of material at different plastic strain levels,

and also with applied elastic stress on undamaged and plastically
strained samples. These data have been used to quantitatively relate the
cut edge damage to deteriorated magnetic properties in terms of
anhysteretic BH changes due to pure plastic damage, a plastically
strained region with residual elastic stress, and residual elastic stress
only. These BH curves have been used in a three-layer 3D FEA model of
SST samples for cut edge damage (plastically strained region with re-
sidual elastic stress, residual elastic stress only and undamaged region)
and the model has been verified against SST measurements for strips
with multiple cut edges.

2. Experimental procedure

This study characterised two different types of cut edges: commercial
stamped lamination cut edge and in-house guillotine cut edge, both on
the same grade NGO electrical steel (M250-35A) lamination sheet (3 wt
% Si, thickness of 0.35 mm). The bulk material hardness was charac-
terised using an array of microhardness indents (200 g load) with
average hardness determined from 100 indents. Nano-indentation
measurements and EBSD KAM maps have been used to quantify the
cut edge plastic damage width.
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Fig. 9. Engineering strain versus excess KAM.
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Fig. 10. Measured KAM positions of stamped cut edge, RD-TD plane.

2.1. Cut edge characterisation

Characterised stamped cut edge was taken from a commercial
stamped stator tooth lamination as shown in Fig. 1(a). Fig. 1(b) shows
the sample for characterised edge measurements, cut using a Buehler
IsoMet High Speed Pro abrasive wheel cutter.

The characterised guillotine cut edge was taken from one SST strip
sample that has been guillotine cut from the bulk M250-35A lamination
sheet, as shown in Fig. 2(a), with the sample for cut edge character-
ization shown in Fig. 2(b), cut using a Buehler IsoMet High Speed Pro
abrasive wheel cutter. The cut edge samples were mounted and polished
to 0.06 um surface finishing level. EBSD scans were carried out in a JEOL
7800F SEM and KAM maps were generated via Oxford Instrument

Aztech Crystal software. A scanning step size of 1.06 ym was used to
scan both the RD-TD plane and ND-TD plane of the cut samples.
Nano-indentation measurements were carried out over the cut edge
(ND-TD plane) using a Nano Test™ Xtreme system with a Berkovich
indenter. For each test cycle: the loading force was 100 mN; loading time
was 30 s, holding time was 10 s, and unloading time was 30 s. An EBSD
forward scanning detector (FSD) image of the indentation array in the
ND-TD plane is shown in Fig. 3. According to [44], a minimum indent
spacing of 10 times the indentation depth must be used to generate valid
hardness values from the edge. Therefore, the first row of indentations
was positioned about 10 pm from the cut edge as the indentation depth
is less than 1 um. The size (edge length) of the indent is about 3 pm,
therefore the distance between the adjacent indentations was set to 20
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Fig. 11. Measured KAM positions for the stamped cut edge, ND-TD plane.
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Fig. 12. Measured KAM positions for the guillotine cut edge, ND-TD plane.

pm in both the ND and TD directions to avoid neighbouring indent ef-
fects. Average nano-indentation values for every vertical line of the
array were calculated to compare the hardness change from the cut edge
surface into the sample.

2.2. Part 2: Assigning plastic strain values to cut edge damage

In order to relate the nano-indentation values and KAM values to
quantitative plastic strain levels, nine sub-size ASTM ES8 tensile samples
[45] were prepared using EDM cutting from M250-35A grade electrical
steel. The samples were tensile tested in a Phoenix 5 kN electro-thermal
mechanical testing machine to different strain levels and the engineer-
ing strain was recorded by a strain gauge, as shown in Table 1. The
engineering strain was also determined after the test pieces were
unloaded by measuring the samples using an Epsilon 3448-025M-050
extensometer. After tensile testing, 6 mm square samples were cut out
with a Buehler IsoMet High Speed Pro abrasive wheel cutter from the
uniformly deformed region of the sample gauge length and prepared for
EBSD characterisation and nano-indentation testing, using the same
methodology as for the lamination sample characterisation. The
indentation array used was 20 by 10 with a larger indent spacing of 150
um to average measurements over a larger area and greater number of
grains (material grain size of 130 um) to avoid any effect of strain
inhomogeneity.

2.3. Part 3: Magnetic measurements

The magnetic performance of M250-35A NGO electrical steel at
different plastic strain levels, and elastic stress levels (on undamaged
and plastically damaged samples) were tested using the SST with tensile
function. SST strip samples (dimensions 30 * 300 * 0.35 mm) in the
rolling direction were EDM cut to minimise any mechanical cut edge
effect. The SST strip was initially measured in the as-received (unde-
formed) state at 1.5 T polarisation and 50 Hz, then a series of elastic
tensile and compressive stresses were applied and magnetic properties
measured. To relate magnetic performance to plastic strain and plastic
strain with elastic stress, measurements were made on one SST strip
incrementally strained to different plastic strain levels: the strip was
tensile tested to a defined extension, equating to the desired plastic
strain, given in Table 2, then the load was removed and magnetic per-
formance measured. At each level of plastic strain, the effect of elastic
stress was also assessed.

3. Results and discussion
3.1. Part 1: Cut edge characterisation

3.1.1. EBSD kernel average misorientation (KAM) maps
Figs. 4 and 5 are EBSD KAM maps of the lamination cut edge area
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Fig. 14. Estimated plastic strain with respect to the cut edge for the stamped and guillotined samples.

indicated in Fig. 1(b). The KAM values have been determined from the 5
x 5 neighbouring EBSD pixels, where the KAM is the arithmetic mean of
scaler misorientation values between groups of EBSD indexing pixels of
neighbouring points (in this case taken as between the neighbouring 25
pixels). The black regions in Figs. 4 and 5 indicate the sample edge — due
to the high strain and distortion at the very edge of the sample the EBSD
map has unindexed points. Misorientation is estimated by comparing the
neighbouring misorientation pixels from the EBSD indexing [46], so a

higher misorientation angle represents a higher plastic deformation re-
gion on the local misorientation map due to the crystal lattice curvature
attributed to the geometrically necessary dislocations [46-50]. In Figs. 4
and 5, the maximum distance between the edge of the sample (black
region) and the place where the misorientation is consistent with the
bulk of the sample is about 180 um. Thus, the KAM maps show a
damaged cut edge width of about 180 um, which is similar to that re-
ported for EBSD characterization of a punched edge in electrical steel



F. Wu et al.

Nano-indentation vs strain

Journal of Magnetism and Magnetic Materials 551 (2022) 169185

3.7

3.5

w
w

Nano Hv [GPa]
w
o

2.9

2.7

2.5

0.00% 2.00% 4.00% 6.00% 8.00%

10.00%
Plastic Strain

12.00% 14.00% 16.00% 18.00% 20.00%
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[19,28,51,52]. It has been reported that there is variation in deforma-
tion through thickness after punching [26] reflecting three deformation
modes: roll over section at the top of the cut; sheared section in the
middle and ductile fracture at the bottom. Some variation in misorien-
tation through thickness can be seen in Fig. 5 (roll over at the top and
ductile fracture at bottom for the orientation of the laminations shown)
but there is also an effect of local grain size. The misorientation values
have been averaged through thickness to consider this variability.

Fig. 6 is the KAM map of the guillotine cut edges, where the roll over,
sheared, and ductile fracture regions were identified. The maximum
distance between the edge of the sample (black region) and consistent
misorientation region of the bulk of the sample is about 250 ym. Thus,
the guillotine cut edge has a plastic deformation region of 250 um, which
is larger than a stamped cut edge.

3.1.2. Nano-indentation

The nano-indentation change with distance from the cut edge surface
is plotted in Fig. 7. Each point in Fig. 7 represents the average value of
the nano-indentation values of the corresponding vertical indentation
row from the array shown in Fig. 2. As shown in Fig. 7, the nano-
indentation values for the stamped cut edge decrease from 5.25 GPa
to 3.14 GPa within the first 150 um from the sample edge; then the nano-
indentation values are reasonably consistent at around 3.14 GPa from
170 pm into the bulk of the sample. A higher dislocation density, asso-
ciated with greater plastic deformation from cutting damage, results in a
higher hardness value. Therefore, from Fig. 7, it can be concluded that
the end of the damaged zone of the stamped cut edge is between 150 ym
and 190 um, which is similar to with the microhardness measured cut
edge damage reported in [18] for a stamped lamination and agrees with
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Fig. 18. Change of anhysteretic BH curve with increasing plastic strain (B = 1.5 T, f = 50 Hz).

the results obtained from the EBSD local misorientation maps for the
width of the damage zone. In Fig. 7, the nano-indentation values for the
guillotine cut edge decrease from 4.77 GPa to the bulk material hardness
of 3.14 GPa at 250 um from the sample edge, which is same distance as
the EBSD characterised value. The standard deviation values are larger
near the cut edge than in the bulk of the material, due to the through
thickness variation in the roll over section, sheared section, and ductile
fracture section. In the first 50 pym from the sample edge the nano-
indentation values for the guillotine cut edge are lower than the

10

stamped cut edge.
3.2. Part 2: Assigning plastic strain level to cut edge damage

3.2.1. KAM vs strain

Fig. 8 shows the increase in KAM indexing in the EBSD images for
samples that were tensile tested to different plastic strain levels repre-
senting an increase in the dislocation densities, which can be seen to
occur preferentially around the grain boundaries. At the higher strain
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Fig. 19. FE model of SST in COMSOL (example shown of a sample with 2 guillotine cut edges).
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Fig. 20. Change of anhysteretic BH curves with increasing guillotine cut edges (f = 50 Hz).

level, >9.5%, higher KAM values are also observed in the interior of
most grains. It should be noted that whilst a uniform elongation and
macroscopic plastic strain was applied to the tensile samples, at a
microstructural level the accumulation of dislocations is inhomogeneous
with higher dislocation densities locally in grains oriented for easy slip
and particularly at the grain boundaries. The width of the grain
boundary high misorientation regions increases with an increase in

11

applied plastic strain. The average KAM values have been determined
for each plastic strain level. An ‘excess KAM’ has been determined,
which is the increased KAM for the strained samples minus the KAM of
undeformed material, thus related to dislocation density rather than
sample preparation. The excess KAM values for the different applied
plastic strain levels in the tensile samples are shown in Fig. 9.

The maximum uniform plastic strain that could be applied during
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tensile testing was 18% before necking. However, the cut edge damage
can result in a higher local strain, for example due to local shear, with
maximum effective plastic strain of 40-50% being reported from FEM
analysis at the cut edge for a 0.35 mm thick electrical steel sample [18].
The relationship between plastic strain and corresponding excess KAM
was established, as shown in Fig. 9, with a linear relationship observed
allowing extrapolation to higher strain value, assuming continued
dislocation density increase (i.e., no recovery).

To predict the plastic strain imposed at the edge by stamping and
guillotining, the KAM starting at 10 pm from the cut edge into the bulk of
the material were measured every 20 um vertical slice. The locations of
the measured KAM values on both the RD-TD plane and ND-TD plane of
the stamped edge are shown in Figs. 10 and 11. The locations of the
measured KAM values on the ND-TD plane for the guillotine edge are
shown in Fig. 12. The averaged KAM values at each location for stamped
and guillotine cut edges are summarised in Fig. 13.

As seen in Fig. 13, the excess KAM on the ND-TD plane is slightly
higher than the RD-TD plane close to the sample edge, which is because
the strain distribution is not uniform through thickness from the roll
over, shear and fracture zones. Therefore, the excess KAM from the RD-
TD plane is not optimum to represent cut edge damage. Since the ND-TD
plane can be used to obtain the average damage through thickness, the
excess KAM from the ND-TD plane has been used to characterise cut
edge damage. Figs. 9 and 13 have been used to determine the plastic
strain with distance from the sample edge according to the EBSD scan on
the ND-TD plane. The estimated plastic strain from EBSD at the stamped
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edge is in the range 45-50%, as presented in Fig. 14. The FEM predicted
effective plastic strain at the cut edge in [18] is 45-50% for a similar
thickness and hardness electrical steel. As shown in Fig. 14, the esti-
mated plastic strain from EBSD at the guillotine edge is about 35-40%,
which is slightly lower than for the stamped cut edge.

3.2.2. Nano-indentation vs strain

The nano-indentation values for the different plastically strained
sub-size ASTM E8 samples have also been measured and are plotted in
Fig. 15. Samples with higher plastic strain have a higher nano-
indentation value, as expected. A complication when developing a
relationship between nano-indentation values and plastic strain is that
variations in surface preparation can lead to differences in nano-
indentation values due to the work hardened layers produced by pol-
ishing [53] and/or surface oxidation. Work hardening effects will be
larger for the as-received soft samples, whilst oxidation can be mini-
mised by preparing sample just before testing, and may be the reason for
the bulk nano-indentation in the cut edge sample in Fig. 7 (3.14 GPa)
being different to the bulk nano-indentation in the undeformed tensile
sample in Fig. 15 (2.85 GPa), despite nominally the same sample
preparation and time between polishing and hardness testing being
used. To assign plastic strain to the nano-indentation values, all the
strained and unstrained tensile samples were mounted and polished
together. All the strained nano-indentation data were normalised to the
zero deformed sample, Fig. 16, which then gives an approximately linear
relationship between the plastic strains applied and normalised nano-



F. Wu et al.

Journal of Magnetism and Magnetic Materials 551 (2022) 169185

3.5

2.5

Loss [W/kg]

1.5

0.5

0.2

0.4 0.6

0.

8

—@— Loss- 0 edge experiment
—@— Loss- 2 edges experiment
—@— Loss- 4 edges experiment
Loss- 8 edges experiment

1.2 14 1.6 1.8

BIT]

Fig. 24. Measured specific iron loss vs flux density curves of SST samples with increasing guillotine cut edges (f = 50 Hz).

Strained region with residual stress Residual stress region, no strain Undamaged material
5 35
7 ke 4 )
45 3
65 //' Yy 3 7
6 A 4 »” )
55 o e /
g, ¢ 235 & 228 ,"
& / 3 / S /
w 45 pd w 3 L v, [4
84 » 8 . 8 /
¢ e
§ 35 o §2° ,,‘ § A
g , g g )
23 -8 g 2 e o5 &
825 ¢ 8 *’ 8 4
Q 7 a ’ Q K
%) [ % w15 » 0 1 P1
2 R » Ka
15 A 1 »” ./'
; A ®  17%strain &-133MPa K ® -119MPa 05 »” ® OMPa
P Steinmetz model 05 B A Steinmetz model .‘," ----- Steinmetz model
05 ) = = = Berlotti model Y = = = Bertotti model . ~ = = Berlotti model
o et o e o Lomse®
0 0.2 04 06 08 1 12 14 16 0 0.2 04 0.6 08 1 12 14 16 18 0 0.2 04 0.6 0.8 1 12 14 16 18
Flux density (T) Flux density (T) Flux density (T)

Fig. 25. Specific iron loss vs flux density curves.

indentation value. This relationship is expected (assuming no recovery)
as the dislocation density increases in the sample. From Fig. 16 the
estimated strain values can be obtained for the normalised nano-
indentation values measured for the cut edge region, shown in Fig. 14
along with the EBSD data. The maximum strain predicted at the lami-
nation cut edge is in the range 40-50%. As shown in Fig. 14, the strain
values estimated for both the stamped and guillotine cut edge from the
EBSD KAM maps and by nano-indentation are very similar.

3.3. Part 3: Magnetic performance variation at different plastic strain
levels

SST strips were tensile tested to different strain levels, as shown in
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Table 2, and the full BH curves were measured at 50 Hz frequency and
1.5 T polarisation and are plotted in Fig. 17. The BH curves start to rotate
clockwise when plastic deformation is introduced, as has been reported
previously [20,54-60].

The full BH curves were converted to anhysteretic BH curves as the
appropriate format for use in the COMSOL multi-physics SST model,
shown in Fig. 18. The anhysteretic BH curves were calculated by aver-
aging the two applied field values (H) at each polarisation (B) value and
only positive B was used as the full BH curve is symmetrical.

3.4. FE modelling for cut edge effect on magnetic deterioration

An SST finite element (FE) model was constructed using COMSOL
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Table 3
Steinmetz and Berttoti coefficients for loss calculation.

Steinmetz:Ps = Kj, x f x B(@hatbetaxB) | 197391 x k, x f* x B?

Loss Plastic with stress Residual stress Undamaged
coefficients region (—133 MPa) region (—199 Mpa) material

Kn 7.96E—02 4.34E-02 7.04E—04
alpha 1.25E4+00 1.11E400 5.44E+00
beta 2.22E-14 1.09E-01 3.68E—04
ke 2.25E—-14 2.45E—14 1.54E—-05

Bertotti : Ps = K x f x B@h%) 4 2.2617E —06 x f2 x B? + Kexe x f1° x B'S

Loss Plastic with stress Residual stress Undamaged
coefficients region(—133 MPa) region (—199 Mpa) material

Kn 7.95E—-02 2.09E—-02 4.38E-03

alpha 1.25E4+00 9.33E-01 3.71E+00

Kexe 2.34E-13 3.23E-03 1.59E-03

Multiphysics software with the dimensions and details of the experi-
mental setup of the Brockhaus SST system. As shown in Fig. 19, the NGO
SST sample is placed between the upper and lower yokes, and a layered
approach was used for considering the cut edge; there are 4 groups of 50-
turn exciting coils with 50-turn sensing coils underneath. The model was
constructed in the magnetic fields-time domain to simulate an AC
magnetic scenario with 50 Hz frequency. The whole setup was built
within an air ball of 600 mm radius. Excitation coils were defined as
numeric homogenized multi-turn coils with current input obtained from
the SST experimental data. Multiple mesh level method was applied to
optimise the simulation time. As NGO SST sample and cut edge regions
were the most cared in this model, the finest meshes were performed in
those domains (maximum domain size of 0.4 mm and minimum domain
size of 0.01 mm). The complete mesh consists of 1,085,937 domain el-
ements, 167,620 boundaries, and 32,546 edge elements. The material
property of the NGO SST sample was defined under Ampere’s Law using
the interpolation anhysteretic BH curve in Fig. 18. The cobalt iron yokes
and coils were defined using the relative permeability for calculation
under Ampere’s Law (defined boundary condition in COMSOL). The
model was adjusted for the undamaged NGO material; the input BH of
undamaged material was selected and the model was adjusted until the
output BH matched the input BH of the material. BH output was derived
through calculating the volume averaged B and H in the sample under
the coil.

Experimental data has been used to verify the SST FEM modelled
effect of cut edge damage on BH magnetisation curves. Full BH curves
have been measured to observe the change due to different numbers of
guillotine cut edges (0, 2, 4, and 8) for SST samples where the mea-
surement flux direction is parallel to the cut edge direction (sample
width of 30 mm and magnetic path length of 224 mm). The SST sample
with 0 cut edges was EDM cut as EDM has a minimal effect on magnetic
properties as there is negligible edge damage [61]. The anhysteritic BH
curves for the SST samples with different numbers of cut edges are
plotted in Fig. 20 and show a similar trend to that reported in the
literature [20], where magnetic deterioration occurs when more cut
edges are introduced to the SST sample.

To model the cut edge damage effect, an assumption is made that
each guillotine cut edge has a 250 ym plastically damaged width based
on the characterisation work, Fig. 14. An average plastic strain of about
17.0 % in that region was calculated from Fig. 14. Therefore, the
anhysteretic BH curve for 17.0% plastic strain from Fig. 18 was chosen
to represent the guillotine cut edge layer material property in the model.
The undamaged material BH curve in the model was assigned with
experimental data for the O cut edge data in Fig. 20. The SST model was
used to predict the BH behaviour of strips with 2, 4, and 8 cut edges and
the results compared to the measured data, Fig. 21. Modelled BH outputs
are less deteriorated than the measured BH data, which suggests that
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there is an additional factor that needs to be considered. The modelling
results only consider the plastic cut edge damage; however, it has been
reported that elastic residual stresses are also present after cutting. Both
[11,18] reported FE modelling results for the residual elastic stress
distribution in the sheared cut edge region for a similar grade and
thickness electrical steel. The residual stress (both tensile and
compressive elastic stresses are present) acts on the plastically deformed
cut edge region and extends into the non-plastically deformed region;
the total width affected by the residual elastic stress is reported to be
300-500 pum, compared to the plastic strain affected region of 220 pm.
Both tensile and compressive stresses deteriorate the magnetic proper-
ties, with compressive stress being more detrimental [58]. An average
elastic residual stress over the region that is also plastically deformed
has been estimated to be —133 MPa by integrating the compressive
stress distribution in [18] and averaging over the plastic deformation
width of 250 um. The same method was applied to estimate the average
compressive residual elastic stress in the non-plastically strained region
in [21] giving —119 MPa over a width of 220 um (i.e. 250-240 ym from
the sample edge).

To allow consideration of the effect of plastic damage as well as the
elastic residual stress, the cut edge region was classified into two layers.
First layer represents plastic damage with residual stress due to cutting
(at the very edge of the material) and second layer represents residual
elastic stress that spread into the non-strained material (between plastic
damage region and undamaged region). A second model with two cut
edge layers for each guillotine cut edge was constructed. The first layer
of 250 um represents the plastically deformed region with 133 MPa
compressive elastic stress. The input anhysteretic BH curve for the first
layer was measured using the 17% plastic strained sample with an
applied 133 MPa elastic compressive stress: the anhysteretic BH curve is
shown in Fig. 22. The second layer of 220 um was added adjacent to the
first layer to represent the region affected by residual elastic stress but
no plastic strain. The representative anhysteretic BH curves were
measured using non deformed material with an applied elastic
compressive stress in the SST equipment, Fig. 22. Comparison between
the second set of modelled anhysteretic BH curves (considering both
plastic damage and residual elastic stress) with different guillotine cut
edges is shown in Fig. 23. Fig. 23 shows a very good fit between the
modelled anhysteretic BH curves with the experimental data showing
that modelling with the two layers for plastic strain + residual elastic
stress and residual elastic stress is an appropriate method to represent
cut edge damage.

The specific iron loss estimation was performed using the Bertotti
and Steinmetz loss equations [62] with the experimental SST data for
the samples with different numbers of cut edges shown in Fig. 24. To
model the total iron losses, the values for the different layers in the
model need to be considered. Fig. 25 shows the specific iron loss versus
flux density curves for the samples representing the different layers, i.e.,
with 17% strain under compressive stress of 133 MPa, compressive
stress of 119 MPa only, and undamaged sample. The determined co-
efficients for the Steinmetz and Berttoti empirical equations are shown
in Table 3. The specific iron losses of the whole SST samples in the model
were calculated by summing the losses for each cut edge layer and the
modelled and measured specific iron loss of SST samples with different
number of cut edges were plotted in Fig. 26. There is good agreement
between the measured and modelled values.

4. Conclusions

The magnitude and width of the plastic damage caused by the cut
edge effect for a commercially stamped lamination and guillotined strip,
both from M250-35A (3 wt% Si) grade electrical steel, were charac-
terised with EBSD KAM maps and nano-indentation. Samples of the
same steel grade were tensile tested to different plastic strain levels and
analysed to determine the relationship between EBSD KAM and nano-
indentation values and plastic strain. This relationship was used to
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quantify the maximum strain and damaged width for the stamped and
guillotined cut edge. It was found that the EBSD and nano-indentation
mapping gave the same plastic strain distribution from the cut edge
with a maximum plastic strain of 45-50% at the stamped cut edge and a
plastic damage width of 180 um; the guillotined cut edge had a wider
plastically damaged zone of 250 pym but slightly lower maximum strain
of 35-40% at the edge.

The magnetic properties of the electrical steel were determined for
the as-received condition and after the application of plastic strain,
elastic stress and combined elastic stress on plastically strained samples
using a SST and the corresponding anhysteretic BH curves determined.

A FEA model for the SST sample was built using COMSOL Multi-
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physics to model the effect of guillotine cut edge damage on magnetic
performance. The cut edge damage was initially represented by a single-
layer approach using an anhysteretic BH curve for the material with
plastic strain of 17%, representative of the average plastic strain for the
experimentally determined cut edge area. The predicted magnetic per-
formance for samples with different numbers of cut edges (0, 2, 4, 8) was
compared to experimental data and it was found that considering plastic
damage only was insufficient to represent the magnetic deterioration. A
two-layer model was built to include elastic stress and plastic strain at
the cut edge, where SST data for samples with 17% plastic strain and
133 MPa compressive elastic stress and 133 MPa compressive elastic
stress only were used for the two layers. The compressive elastic stress
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level and width of the affected zone were determined from literature FE
model predicted residual stress distributions for the same material and
thickness [18]. The two-layer SST FE model predictions, considering
residual elastic stress acting on the plastic damage region (250 pm
width) and non-plastically strained region (220 um width) were
compared to the SST measured data and excellent agreement (both
hysteretic BH and specific iron loss) were observed for the deteriorated
magnetic behaviour due to the cut edge effect. Therefore, it is clear that
both the plastic strain and elastic stress cut edge effects need to be
accounted for when determining the magnetic deterioration.
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