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A B S T R A C T

Energy loss due to eddy current generation is a significant factor in reduced efficiency of electrical machines,
therefore motor cores with thinner sheets are required due to their effect in reducing eddy currents. However,
reducing the thickness of laminations is challenging due to the high tooling costs in blanking due to the small
tolerances required, whilst other methods such as conventional laser cutting are too slow to be commercially
viable. In this paper the influence of remote laser cutting on thin electrical steel sheets (Cogent/Tata Steel
NO20 3.2% Si) has been investigated on the tensile strain to fracture, fatigue life, edge hardness, and energy
loss in an AC magnetisation cycle for two laser power levels. The laser power has found to have no statistically
significant influence on the bulk mechanical properties of the material, but significantly affects the measured
specific loss. The latter was associated with the increased edge hardness at higher laser powers. Based on
the parameters selected it is highly questionable whether RLC offers a viable method for lamination cutting,
significant refinement of the laser parameters and/or the use an alternative laser such as an ultra-fast pulsed
laser is required to be competitive with existing methods. Additionally, it is shown that energy loss increases
linearly with respect to length of the cut edge - to the minimum cut spacing tested of 6 mm. These results
can be used to optimise laser parameters to reduce the degradation of magnetic properties by decreasing laser
power where possible.

1. Introduction

The cores of electrical machines are typically made from many
hundreds of individual thin sheet or laminations of silicon steel. The
presence of a ferromagnetic core significantly enhances the airgap
flux density and hence increases torque, while electrically isolated
laminations dramatically reduce eddy current losses in comparison to a
solid core. Typical lamination thicknesses are in the range of 0.05 mm
to 0.65 mm, and higher operational frequencies demand thinner gauge
sizes. Commercial production of 0.2 mm thicknesses is now com-
mon [1]. With the general trend towards thinner laminations to gain
better functional performance, conventional stamping methods become
more challenging because of the associated difficulties in handling thin
and brittle parts as well as significant difficulties in manufacture of
tooling which requires a die-punch clearance of 2%–10% of the sheet
thickness [2]. Other cutting methods such as conventional laser cutting
(CLC) have been widely used and reported in the literature, particularly
for prototyping and low to medium volume manufacture. In contrast
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to the speed of gantry-type CLC systems (which is typically limited

to 0.3m s−1 to 0.5m s−1 due to the inertia of the system), the low

inertia of the galvanometer in remote laser cutting (RLC) affords greater

acceleration and higher speeds thus presenting a potential alternative

commercially scalable manufacturing method.

While commercially available CLC has been widely researched,

there is limited knowledge available on RLC and its effect on the quality

of the produced parts. RLC cannot rely on an assist gas to remove

molten material as in CLC, and must vaporise the material instead.

This requires a beam with much higher power density, on the order

of 107 Wcm−2 to 1010 Wcm−2 used in several successive passes at high

speed (>1m s−1) to cause vaporisation of a proportion of the thickness

in each pass [3]. These repeated scans remove tens of microns from the

material per pass while cutting through the thickness of the sheet [4].

Laser cutting processes are also known to severely deteriorate

the magnetic performance compared to other conventional processing

routes, and it was proposed that this thermal deterioration is due
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to thermally induced stresses [5,6]. In this context, controlling the
thermal energy input due to the laser processing is essential to reduce
adverse effects on magnetic performance and cut-edge quality. Paltanea
et al. [5] demonstrate that poor thermal management as a result of
high heat flux into the part can negate any benefit of using thinner
laminations. The thermal energy input to the material is not necessarily
directly proportional to the processing parameters such as number of
passes and power density. Winter et al. [4] reported microstructural
alterations such as recast and heat affected zone formation due to RLC
in a 0.15 mm thick Hiperco 50 cobalt iron sheet with varied powers and
speeds. The authors indicated that fluence was the dominant factor in
material removal rate, although a marginal increase in removal rate
was also observed with increased scan speeds

The thermal energy input from the beam may have a greater impact
on thin laminations due to the presence of less thermal mass to dissi-
pate the heat. Therefore, a thorough understanding of the thermally
induced damage in thin gauge electrical lamination is essential to gain
full commercial benefit of emerging laser technologies. This becomes
more significant for RLC as the failure to fully vaporise material will
generate significant additional heat input to the cut edge. CLC has been
shown to change the microstructure at the cut edge in semi processed
non grain oriented silicon steel [7], however fully processed material
(i.e. annealed) does not exhibit a difference in microstructure.

The operational conditions of electrical machines are such that
cyclic thermo-mechanical stresses in the laminations are unavoidable
due to the heat and centrifugal forces [8]. Thinner laminations are pre-
ferred for higher-speed and thus higher-frequency applications, which
result in larger mechanical stresses, mostly tensile, especially with
stress concentrations at the critical geometrical features. There is not
yet a comprehensive understanding on effect of cut edge properties and
processing parameters on the mechanical fatigue of electrical materials.
Silicon steels are the most common material used for electric machines
and it is reported to be exceptionally resistant to fatigue loading, with
normalised stress amplitudes as high as 0.42 with peak stresses at
or above yield strength [9–11]. For thin electrical steel sheet, it was
found that there was a significant effect on fatigue life due to test
setup and specimen geometry [10]. This is of particular importance
for hourglass specimens where the volume of material subject to a
homogeneous stress state is very small, however, increasing this volume
makes the sample much more likely to buckle. Gottwalt et al. [10]
therefore presented several methods for fatigue testing in compression
and tension using a restraint device, designed to reduce the influence
of geometry and prevent buckling.

A study of 0.23mm thick sheet specimens produced by punching
showed no fatigue failure below a normalised yield strength of 1.0 at
106 cycles, where the radius of the reduced section was increased, and
where sample edges were further polished fatigue life was improved
even further [11]. In context, this seems to suggest that thinner material
provides better fatigue life due to the small number of grains and
limited opportunity for transgranular cracking. The same study demon-
strated improved life in polished specimens as the origin of the cracks
was almost always an edge defect. This highlights the importance of
edge quality and the necessity to investigate the effect of remote laser
cutting on fatigue life. A decrease in fatigue life at elevated tempera-
tures has been reported for silicon steel which is proposed to be due to a
decrease in material strength at such temperatures reducing the critical
crack length [11]. Another investigation of slightly thicker sheets of
0.27 mm at a slightly lower temperature of 150 °C reported a decrease
in fatigue life at 104 cycles [12] while [11] noted this behaviour at 106

cycles, but not at 105 cycles. The lower temperature of the former study
combined with the thicker sample size further shows the significance of
the size effect, one should expect the lower temperature study to report
higher fatigue life in comparison to a higher temperature study. As the
only major difference was the sample thickness, the relative influence
of grain size to sheet thickness is highlighted as a dominant factor in
the failure. The quality of the cut edge is an important factor because

in all cases in the aforementioned study the crack is initiated from the
burr, due to the presence of microcracks propagating into the specimen.
In a study on aluminium cut with a conventional laser cutting process,
the striation wavelength was shown to have significant influence on
the mechanical properties, in particular the fatigue life, but also factors
such as the UTS [13]. Due to the differing material removal mechanism
between CLC and RLC such regular striations are not expected, but the
importance edge quality is once again highlighted, both geometrically
(surface geometry) and in terms of resulting internal stresses.

Flux redistribution due to cut edge damage is a known phenomena
in silicon steel; the magnetically damaged region may extend up to
15 mm from the cut edge depending upon exact material type [14,15].
A model for the permeability change due to laser cutting of CoFe
showed flux redistribution may be an important factor in modelling
loss in electrical machines [16]. A double exponential function was
shown to describe the relative permeability at a given distance from the
cut edge for one laser power parameter in conventional laser cutting.
Therefore, it is not valid to assume the samples can be uniformly
magnetised in the testing apparatus, such a finding has potentially
severe implications on the energy loss due to edge damage for in service
components. As such a sinusoidal voltage, as opposed to a sinusoidal
induction, may be more representative of in situ components, due to
flux redistribution effects invalidating assumptions about the induction
state of any one localised material volume.

The present paper aims to investigate the effect of remote laser
cutting, for the first time, on the magnetic and mechanical properties of
commercial thin electrical steel sheets. The influence of laser power and
consequent thermal damage accumulation on the magnetic permeabil-
ity, tensile and fatigue properties were studied. This characterisation is
important due to the lack of literature available for the RLC process on
magnetic materials, as previously discussed, the mechanism of material
removal differs significantly from that of CLC. The paper introduces
a specific loss prediction criteria based on the perimeter of the cut
edge, frequency, induction, and sheet direction (rolling or transverse
directions) which is obtained by a linear regression.

2. Methodology

A commercial silicon steel, Tata Steel HiLite NO20, with a silicon
content of 3.2% and a Suralac S9000 coating with an approximate
thickness of 4.5 μm was used in this study. The nominal chemical
composition is provided in Table 1. A selected number of samples were
prepared with standard metallographic practice to measure the grain
size at the cross-section of the sheets. The nominal grain size was found
to be 150 μm, with two to five grains across the thickness. All samples
were prepared using a single-mode fibre laser emitting at 1075.2 nm

with a spot size of approximately 35 μm, with a nominal traverse
speed of 5m s−1 achieved using a high-speed galvanometer scanner.
Two power levels of 1 kW and 2 kW were chosen based upon initial
screening tests for acceptable cut quality. A cut through the full sheet
thickness was achieved in 4 successive passes for the 1 kW power level.
The 2 kW the beam did not typically require 4 passes to penetrate the
material. This number of passes ensured all material was fully ejected
from the cut. The subsequent passes were made immediately after one
another, with no delay, to replicate an industrial approach and account
for a potential heat build up. Multiple passes are used in order to ensure
that material is primarily vaporised as opposed to melted, and that
ejecta from the cut does not deflect the laser.

2.1. Effects of laser power on tensile properties

The effect of laser power on structural integrity of the cut materials
was tested via the quasi-static tensile properties and the deformation to
failure in uniaxial mechanical tests. Sub-sized tensile specimens were
manufactured according to the ASTM-E8 standard using the selected
laser powers of 1 kW and 2 kW and tested in the rolling, transverse, and
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Table 1
Normalised composition of material.

Element Content (wt%) Element Content (wt%)

C 0.00245 Cu 0.023
Si 3.23 Mo 0.001
Mn 0.17 Al 1.06
P 0.019 Nb 0.002
S 0.001 Ti 0.008
N 0.0017 V 0.004
Cr 0.025 Ni 0.01

Fig. 1. Edge hardness measurement methodology. a: Laser cut is made, b: Sample is
cut through centre, c: Sample is mounted, ground and polished, d: Indents through
cross-section are acquired.

45° directions — to ensure any anisotropic behaviour was captured. A
Tinius Olsen H25KS universal testing machine was used to perform the
tests at a displacement rate of 1mm s−1. Digital image correlation (DIC)
was used to obtain a full field deformation map on samples covered
with a fine speckle pattern. The captured images were analysed using a
physical subset size of 0.344mm and a step size of one third of the subset
size to obtain the displacement field from which the strain distribution
and average strain over the gauge length could be determined using a
virtual strain gauge of 25mm as per the ASTM-E8 standard for sub-size
specimens.

2.2. Effects of laser power on mechanical fatigue strength

Axial tension–tension fatigue tests were designed and conducted
according to the ASTM fatigue testing standard [17] using the ASTM-E8
sample geometry used in Section 2.1. A Nene Instruments 12 kN servo-
hydraulic testing machine was used to apply the sinusoidal loading
pattern with a stress ratio (R) of zero and mean stresses, 𝜎𝑚, rang-
ing from 160–300 MPa . The tensile stress regime was selected as it
resembles the applied stress state due to the centrifugal forces in an
electric machine. The applied stress levels were selected according to
yield stress of the material, 𝜎𝑦 = 395.8 MPa, obtained from standard
tensile tests to ensure the samples are loaded before and after the plastic
yielding. As such the maximum force applied was 600N, where 𝜎𝑦 is
reached at 475N. The total number of cycles to fracture was measured
to determine the S-N curve for each case and the endurance limit was
assumed for samples withstanding 106 cycles. Samples were tested as
such that the loading was applied in line with the rolling direction.

In this study, compressive stress states are neglected for two motiva-
tions. Firstly, the material primarily experiences fluctuating sinusoidal
tensile stresses during the service life due to the centrifugal forces.
Secondly, samples will easily buckle under compressive stress states
due to the sheet thickness from which they are manufactured. A force-
controlled sinusoidal loading was therefore applied to replicate the

Fig. 2. A selection of samples with a varying number of slots, the blue lines indicate
the section that was fully contained within the search coil of the single sheet tester.

in-service loads, which is also the suggested mode in the ASTM stan-
dard [17], although it is noted that different loading modes may have
an effect in the fatigue life [18].

2.3. Effect of laser power on nanohardness

A hardness profile from the cut edge to the bulk material was
measured via nanoindentation using a Hysitron TI Premier with a
Berkovich tip. Cuts of varying power were made in a sheet and mounted
in epoxy resin, which was then ground and polished to reveal access to
the centre of the cut. A grid of 4 rows and 20 columns with a spacing
of 10.00 μm was indented, for a total measurement of 200 μm from the
cut edge (see Fig. 1). A trapezoidal load function with a peak force of
1000 μN, a load and unload time of 15 s and a dwell time of 60 s was
used. Samples with laser powers of ranging from 250W to 2000W were
investigated, although due to rapid oxidation inadvertently effecting
the results only the extreme values are reported.

2.4. Effects of laser power on magnetic performance

The influence of the laser parameters on the magnetic performance
was investigated by calculating the specific loss of rectangular samples,
30 mm × 280 mm, tested in a single sheet tester (Laboratorio Elet-
trofisico AMH-1K Permeameter). Samples with an increasing number
of cuts were produced using both the 1 and 2 kW laser powers and
a nominal traverse speed of 5m s−1, producing equally spaced 15, 10,
7.5, and 6 mm wide sections, connected at the both ends with 5 mm
of remaining material as shown in Fig. 2. The tests were conducted at
frequencies of 200, 400, and 1000 Hz with a peak induction (B) of 0.5,
1.0 and 1.5 T each. These parameters were chosen to be representation
of operating conditions. As some material is removed due to the cutting
process, each sample was weighed before testing, and this post-cut
weight was used in the calculation of the specific loss.

0 slot samples were also generated using RLC, in this case some
unwanted damage is introduced in the rectangular perimeter of the
sample. As a consistent laser power setting was chosen for all perimeter
cuts across all samples a true ‘‘zero loss’’ may be backwards extrap-
olated from the collected data if required, although only the relative
increases are of interest in this study. Furthermore, although other
methods such as wire EDM may have been used, it has been shown that
this can still degrade properties as discussed in the introduction [5,6].

Both a sinusoidal magnetic induction and a sinusoidal voltage were
trialled in some samples, and it was found the specific loss in both cases
below magnetic saturation of the sample were similar, within 5%. The
sinusoidal voltage method was therefore chosen because: the condition
within an AC motor is a sinusoidal applied voltage (i.e. on the primary
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Fig. 3. Optical microscope images of the slots, (a) and (b) showing the front of the strip and (c) and (d) showing the back. Sub-figures (a) and (c) are cut at 1 kW and (b) and
(d) at 2 kW. Typical dimensions of features are superimposed in yellow.

coil); the results are acquired much faster as no iterative scheme is
required; and the trends in results at saturation are consistent using
this method, whereas inconsistencies are developed in the iterative
method above saturation, due to difficulty maintaining the required
sinusoidal induction, particularly as the material becomes magnetically
harder due to the induced damage from the laser cutting process. The
distinction is made because using this scheme Section 4.4.3 of BS EN
EIC 62044-3:2023 may be violated, particularly at saturation.

This methodology therefore is suitable for assessing investigation of
the relative increase in specific loss with increasing damaged perimeter,
but is not applicable for use with models requiring ‘‘base’’ magnetic
properties, as these are typically formulated assuming a sinusoidal
induction [19]. The aforementioned operating conditions within typ-
ical motor designs bolsters the justification as real world operating
conditions are of greater interest to electric vehicle manufacturers.

As is later discussed in the results section, the material is magnet-
ically saturated at an induction intensity (B) of approximately 1.4T.
The requested intensity was therefore chosen to be 1.5T — in this
manner every sample can be guaranteed to have saturated and the
difference in induction is increased consistently by 0.5T at every step.
Again, such a methodology is in fact preferable when considering
industrial applicability because as the material becomes magnetically
harder it is expected that localised areas will behave differently to the
bulk/undamaged regions. A simple metric for loss per damaged perime-
ter/area is desired which may otherwise be confused by a sinusoidal
induction, due to flux redistribution effects etc.

3. Results

Fig. 3 displays a collage of images of the cut edge using optical mi-
croscopy. The typical width of cut was slightly increased with increased

Fig. 4. Local strain distribution at the onset of fracture for a randomly selected set of
samples demonstrating a maximum normal strain as high as 40 percent can be achieved
at the onset of fracture with the applied DIC parameters.

laser power, from an average of approximately 100 μm to 130 μm. Note
also that because of the working principle of remote laser cutting the
top surface of the samples show less heat damage from the laser, with
the channel being slightly wider at the top. The bottom surface shows
a large scorched area due to the accumulation of heat at each pass.

3.1. Effect of laser power on tensile deformation and fracture

Fig. 5(a) shows the true stress–strain curves for each parameter
while the corresponding deformation maps demonstrate the maximum
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Fig. 5. Results related to the quasi static tensile testing of the RLC NO20 material.

normal strain (log strain tensor) in Fig. 4. Fig. 5(a) displays an averaged
value over all samples per type, with the maximum and minimum
values represented by the shaded areas, allowing direct comparison
to the boxplot displayed in Fig. 5(b). It was found that, for the pa-
rameters tested, the variation of laser power does appear to have an
observable effect on the strain at fracture, although bulk properties in
the elastic and plastic regions remain unchanged. Both the localised
and 25mm virtual strain gauge show decreased fracture strain in the
transverse direction, the responsible mechanism is not yet clear. The
microstructure of equiaxed grains without a preferred crystallographic
orientation may be altered by the laser at the cut edge, alternatively,
thermally induced residual stresses may also have some effect, further
investigation is required.

A strain map for several samples, indicating the maximum normal
strain at fracture, is shown in Fig. 4. Prior to fracture, a non uniform
strain field develops due to the plastic deformation. Fig. 5(b) shows a
box plot comparing the maximum normal strain at fracture for samples
cut in the rolling direction (RD), transverse direction (TD) and at 45°.
Although each population contains high variance, the mean fracture
strain appears to be lower for samples cut in the transverse direction.
The variance can be explained primarily by the so-called size effect.
The average diameter of the grains is 150 μm meaning that a typical
0.2mm thick sample has 1 to 3 grains through its thickness, which
produces a deformation which cannot be approximated as a continuum.
The size effect dominates the fracture dynamics, and any heat affected
zone (HAZ) at the edge is insignificant in comparison. The mechanism
of fracture is proposed to be intergranular cleavage, as seen in Fig. 4
strain localisation is developed in bands at approximately 25° to 35°

with respect to the tensile axis, a crack initiates at the edge due to
this induced stress concentration, which promotes plastic deformation
along the band in the direction of the localised band. This produces a
characteristic tearing-type fracture, consistent with samples produced
by EDM and waterjet cutting. Such a mechanism is strengthened by
the higher power level inducing higher residual stresses at the cut
edge. Some samples show centre-initiated fracture, as opposed to edge
initiated, in such cases the localisation occurs much more severely
(i.e. the strain gradient is higher).

3.2. Effect of laser power on cycles to failure

No fatigue fracture was observed for the samples tested with a peak
stress below the yield strength of the material 𝜎𝑦 = 395.8MPa and 𝑟 = 0.

Fig. 6. SN curve comparison between laser power levels. Red crosses indicate samples
1 kW laser power level samples and blue circles 2 kW. The Stromeyer fatigue life model
is plotted as a yellow line.

Fig. 6 shows results for both laser power parameters and the Stromeyer
model [20] for fatigue life is plotted for 𝐶 = 13.77, 𝜎𝑤 = 395.8 MPa. The
fit for this model achieved an R-Square value of 0.80 .

Using a one way ANOVA the laser power level was found to be an
insignificant factor at the 𝑝 = 0.05 level suggesting the laser power was
not an influence in the fatigue life. Further testing at differing stress
ratios may be of interest but could not be completed in this study due
to equipment limitations.

3.3. Effect of laser power on nanohardness

The nanohardness was measured from the cut edge into the bulk
material, an example of the positioning of the indented region is shown
in Fig. 9. Fig. 7 shows the results of nanohardness measurements
near the cut edge. Increased hardness is observed at the cut edge,
with higher laser power producing a increased hardness. Interestingly,
higher laser power also produced more variability in the hardness at
the cut edge, as shown in Fig. 7, with the region within the first 30 μm
from the cut edge having greatest range in measured values. Residual
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Fig. 7. A three dimensional plot of the nanohardness observed for one sample. The 𝑥 axis indicates the distance from the cut edge, 4 rows of indents are visible. Fig. 8 simplifies
this figure by averaging the hardness between rows.

Fig. 8. A comparison of the hardness at the cut edge, the solid line indicates the mean
average hardness over the measurement area, and the shaded area shows the standard
error. The bulk material hardness was measured as approximately 4GPa, in agreement
with other studies [21].

Fig. 9. Location of the nanoindent region on a sectioned sample.

stresses in the microstructure may explain both the increased hardness
and increased variance. To combat this variability the average of 4
hardness measurements across the 40 um strip of indents is shown in
Fig. 8, and a comparison between two extremes of power is made. In
both cases the hardness in the vicinity of the cut edge is increased.

The nanohardness at the cut edge is shown to increase compared to
the bulk hardness, the effect displayed for approximately 0.08 mm from
the cut edge for a laser power of 2000W. The visually altered remelt

Fig. 10. Three superimposed hysteresis loops at various magnetic induction values, B,
for an RD sample with no cuts at 1000 Hz. This form is typical of all tested samples
at all frequencies, with the loop ‘‘softening’’ at lower frequencies as demonstrated in
Fig. 11.

zone of the metal is significantly smaller than this, although as noted
in Fig. 3 the coating becomes damaged as much as 0.5mm from the slot.
It is noted that the increased hardness due to laser cutting is not present
after 0.1mm, after which the bulk material hardness is measured.

It is possible that the hardness profile varies across the thickness
of the sheet, although in this study the central region was chosen as a
representative average area. As shown in Fig. 3 the bottom of the sheets
appears scorched across a much larger area than the top — although
the bottom scorched region is significantly larger (approximately 5×)
than the region of increased hardness.

3.4. Effect of laser power on specific loss

Figs. 11 and 10 show hysteresis loop comparisons across various
samples and working points, the former compares 0, 2, and 4 slot
samples at the extremes of the workings points of 200 Hz to 1000 Hz
and 0.5T to 1.5T. Samples with 1 and 3 slots have been excluded
for clarity of the figure. Fig. 10 shows the hysteresis loops for the
three induction values tested for a 0 slot sample at 1000 Hz. From
these figures it is clear that the samples were effectively saturated at
approximately 1.4T, although 1.5T was ultimately reached as this was
the requested value during the test. In this article further reference to
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Fig. 11. Hysteresis loop comparison between 0 and 4 slot samples at the maximum and minimum working points of 200–1000 Hz and 0.5–1.5T.

saturation should be understood as the field values above the knee-
point, providing technical/effective saturation. The measured specific
loss as a function of the number of cuts for different frequencies, and
the magnetic flux, are shown in Figs. 12(a) and 12(b) for samples cut
using 1 kW and 2 kW laser, respectively. The crosses correspond to the
frequency of 200 Hz while hollow and solid circles are the magnetic
measurement results at 400 and 1000 Hz, for all samples, respectively.
The specific loss increases linearly with the number of cuts regardless of
the testing conditions, as it is shown in Figs. 12(a) and 12(b). As such, it
is evident that any loss or flux redistribution effects are fully contained
within 3 mm, half the minimum spacing between cuts. The perimeter of
the cut drives the loss for any particular working condition, a ‘‘damaged
perimeter coefficient’’ for any working point can therefore by found by
linear regression, multiplying the number of slots by the slot length. In
all cases samples where the slots were made in the transverse direction
exhibited higher losses by an average of 24%.

The zero slot sample’s specific loss can be taken as a reference
value from which the influence of additional damage due to the slots
is calculated. The zero slot samples in all cases were cut using the
1 kW parameter, as such the relative increase in loss can be considered.
It is clear from Figs. 12(a) and 12(b) that for any given parameter
combination of induction and frequency a linear regression may be
made to predict the additional loss due to damage from the laser
cutting process. The number of slots is transformed into ‘‘damage
perimeter’’ by multiplying the number of slots by twice the mean free
path (108 mm ∗ 2) inside the single sheet tester, because each slot
produces two damaged edges. The 0 slot loss is subtracted from the
loss values for slotted samples in the same group, producing a value
of additional loss as a result of the perimeter of the cut edge. A linear
regression is performed on the slotted sample values with the intercept
forced to 0. The resulting slope therefore is the increase in specific loss
per cut edge perimeter, in Wkg−1 m−1, and this normalised value is
useful for visualisation and modelling purposes because of the reduced
dimensionality. Fig. 13 shows the normalised loss value against the
induction and frequency of the samples tested in the rolling direction.
Here it is possible to see the effect of non-linearity in the normalised
loss values due to the changing frequency and induction, and indeed
this trend is also present in the 0 slot samples.

True undamaged samples were manufactured by wire electrical
discharge machining (WEDM), as a comparison point against the 0

slot samples manufactured with RLC. Table 2 shows the results for an
RD sample. Notably the zero slot samples have a significantly higher
loss than the true undamaged samples at the highest induction, even
after correcting for the two laser cut edges by extrapolating using
the calculated normalised loss. The possible source of the errors are
now discussed: at low inductions the sensitivity to the regression is
higher due to the low values, as such the regression is more influenced
by deviation from the mean in the dataset. Further increasing the
number of samples in the dataset could reduce any such influence.
At higher inductions the material is operating at technical saturation
and the influence of degraded magnetic performance is much higher
on the specific loss — although after the initial damage occurs further
damaging the material produces a linear increase in specific loss, the
initial damage process is likely highly non linear.

The figures displayed in Table 2 for the WEDM samples agree
well with the manufacturer specified values for the material, further
validating the methodology applied to the RLC samples.

It may be noted that due to equipment limitations it was not possible
to record the magnetic field strength, H, beyond 2800Am−1. As the
material was saturated before this point this is deemed inconsequential
for the results presented in this section — specific loss is calculated
according to the area inside the hysteresis loop and the region after
saturation is extremely small by comparison. The measurement and
achievement of the requested induction, B, is not affected by this
limitation.

4. Conclusions

This paper has shown there is little bulk mechanical difference in
the plastic region of the material response between the laser power
level used for the parameter sets tested in RLC, suggesting any number
of passes and any laser power may be expected to produce parts with
equal bulk mechanical quality. A difference was observed in edge hard-
ness and fracture strain between the parameters, notably as the sample
orientation had a greater transverse component the fracture strain
decreased at higher power. This is indicative of the important role the
edge quality has on the fracture strain — residual stresses at the cut
edge or poor geometric accuracy can initiate a crack. Interestingly this
finding did not translate to the cycles to failure, both parameters gave
essentially equivalent fatigue life. This may be due to an insufficient
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Fig. 12. Specific loss as a function of the number of cuts in the material, presented at various field inductions and frequencies.

Table 2
Predicted vs actual undamaged loss based upon linear regression for 1kW remote laser cut rolling direction samples.

Frequency (Hz) Induction (T) Undamaged
Loss (Wkg−1)

Predicted 0 slot
Loss (Wkg−1)

Actual 0 slot
Loss (Wkg−1)

Difference (%)

200 0.5 1.24 1.90 1.64 −16
400 0.5 3.17 4.61 4.11 −12
1000 0.5 12.19 16.7 15.3 −9.7
200 1.0 4.17 5.65 5.52 −2.3
400 1.0 11.0 14.3 13.9 −2.9
1000 1.0 43.3 53.9 53.9 0.0
200 1.5 10.9 12.7 13.3 4.1
400 1.5 28.3 32.7 38.4 14
1000 1.5 109 123 175 30

Fig. 13. Normalised loss plotted against frequency and induction for 1 and 2 kW
samples in the rolling direction.

dataset for cycles to failure, but because the material does not exhibit
low cycle fatigue at all (in both this study and the literature) such
minor edge effects between the two parameter sets tested are likely
insignificant in comparison to localised and stochastic hardening in
the plastic region. The edge hardness was observed to increase with a
higher power producing a higher hardness over a larger distance from
the cut edge. Bulk material hardness was reached within one sheet
thickness in the highest laser power case, significantly smaller than all
practical features of a part manufactured for use in today’s electrical
machines. Using this knowledge, manufacturers are free to optimise
remote laser cutting for the preservation of the magnetic qualities. In
comparison to results for guillotine and blanked edges as investigated
by Wu et al. [22] RLC offers a smaller region of increased hardness
with a significantly sharper gradient between affected and unaffected
regions. Such an affect is primarily due to plastic strain developed in
mechanically cut samples which is not present in laser cut samples. This
study also found the thermally affected zone to be much smaller than
that of a CLC as reported in [7] of 1600 μm from the cut edge, although
it is noted that due to the age of this study the material used had a
significantly different microstructure which is likely to cause such a
difference.

This study has shown that the magnetic loss is a linear function
of damage perimeter, down to the minimum tested slot separation of
6 mm. It is likely that the increased hardness occurring at the cut edge
is indicative of the magnetically damaged region, meaning a minimum
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spacing of the order of 0.2 mm would be required to see non-linear
loss increases. Higher losses were observed in samples produced with
higher laser power, suggestive of heat damage due to the energy of
the laser heating but not fully vaporising the material. This counter-
intuitive affect may be due to the vaporised material being unable to
exit the cut fully at higher volumes, however the complex interaction
of laser power, scan speed, and absorptivity (particularly at phase
transitions) mean further work is required to fully characterise such
an observation. An alternative explanation is that above approximately
10 × 108 Wcm−2 a plasma is formed that prevents beam absorption [23],
if such plasma re-radiates even a fraction of the energy to part the
potential for significant heating is present.

Although the material is designed to be isotropic, an increased loss
was observed in samples manufactured in the transverse direction.
Upon normalisation a difference between transverse and rolling direc-
tion samples was still observable in some conditions, with transverse
samples showing increased influence of damage perimeter on loss. At
higher frequency and induction this may be an important factor in the
cooling requirements of electric machines — as heat generation may be
higher in cuts aligned with the transverse direction.

Based on the parameters selected RLC significantly degrades the
magnetic performance and is not deemed a viable method for lami-
nation cutting. Refinement of the laser parameters and/or the use an
alternative laser such as an ultra-fast pulsed laser is required to be
competitive with existing methods such as CLC or blanking. One study
suggests nanosecond pulse laser processing may be viable to maintain
magnetic qualities [24], however a significantly reduced power of
17 W at a speed of at 0.5mmin−1 was used. Despite the increased
loss, the speed of RLC remains an attractive quality for which further
investigation is merited.
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