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ARTICLE INFO ABSTRACT

Magnetization curve and energy losses have been analyzed in non-oriented (NO) Fe-Si alloys with variable thick-
ness (0.20 mm-0.35 mm), cut at widths ranging between 5 mm and 60 mm, in order to assess the impact of
cutting, either done by punching or water-jet techniques. Measurements were performed by means of a digitally
controlled single strip tester, from dc up to 1.5 kHz, at peak polarization values J, = 1.0 T and 1.5 T. The evolu-
tion of the magnetization curve and the structure-dependent hysteresis W}, and excess Wey. loss components have
been assessed as a function of the strip width using a simple phenomenological model, by which the extension of
the damaged area at the edges of the cut sheets is estimated. Such a model assumes a hyperbolic dependence of
the measured polarization on the cut strip width. The limiting values of Wy, and Wey, for the fully damaged and
the pristine sheets are in this way estimated, showing that one can simply and affordably predict the magnetic
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behavior of NO Fe-Si steels subjected to cutting.

1. Introduction

Understanding the magnetization process in non-oriented (NO) Fe-Si
sheets is basic to the improvement of the performances of the electri-
cal machines and the efficient conversion of the huge amount of energy
fluxing through their magnetic cores worldwide [1,2]. Sheet cutting is a
critical step in core manufacturing by fully processed NO steels, because
the induced strain deteriorates the soft magnetic response of the mater-
ial [3,4].

The various steps needed to optimize the magnetic properties of the
steels pass through cold rolling, annealing, recrystallization, and decar-
burization [5-10], with possible addition of impurities, such as Sb and
Sn, as well as Mn in very clean steels. These can induce selective growth
of those recrystallized grains that have orientations close to the ideal
random cubic texture {1 0 0} <Ovw> [11,12].

At the end of the manufacturing process, however, cutting may af-
fect the technological performance of the NO Fe-Si sheets and reduce
the beneficial effects of the previous treatments. Mechanical punching
is ubiquitously applied for lamination cutting. This process has obvi-
ous detrimental consequences on the magnetic properties, because of
strain-hardening and ensuing non-uniform magnetization profile across
the strip width [13-16].

Water-jet cutting, which combines high-pressure laminar water flows
and abrasive particles for the erosion of the sheet, is accompanied
by minimum deformation stresses. A more uniform profile of mag-
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netic induction is therefore expected across the strips [17], but water-jet
is only used in the prototyping production, because it is expensive and
has a relatively slow cutting rate.

The subject of work hardening by cutting has attracted substantial
efforts in the literature in recent years. These investigations have phe-
nomenological character. Their aim, on the one hand, is to determine
the extent of the structural damage, the residual stress, and the induc-
tion profile across the sample width, using, for example, neutron grating
interferometry, [15,16,18-21]. On the other hand, they are generally
directed at relating the cutting methods, including laser cutting, and the
related parameters to the behavior of the total loss at power frequencies,
with the final objective of introducing the results in the calculation of
iron losses in rotating machines [13,14]. However, the physical prob-
lem cannot be satisfactorily investigated, and simple predictions cannot
be formulated without being inquisitive about the role and behavior of
the loss components (hysteresis, classical, excess) and their individual
response to the cutting-induced strain hardening. Each component de-
pends in fact in a specific way on frequency and peak induction, on sam-
ple geometry and material treatment. This kind of approach is conspicu-
ously lacking in the literature.

In this paper, we investigate the evolution of the magnetization
curve and of the energy loss and its components versus frequency in
punched and water-jet cut Fe-Si sheets 0.20 mm and 0.35 mm thick.
Following prior experiments on the hysteresis loss [22,23] we focus
on the excess loss component, the quantity characterizing the degree
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of damping of the domain wall (dw) motion by the mesoscopic eddy cur-
rents. We obtain that magnetic hardening by cutting can be quantified
in terms of simple hyperbolic laws, describing the measured polarization
Jp, the hysteresis loss Wy, and the excess loss Wex as a function of the
strip width.

2. Materials and methods

The investigated NO Fe-Si strip samples with thickness d = 0.20 mm
(Cogent NO20 Hi-Lite) and 0.35 mm (Cogent M300-35A) were cut along
the rolling direction (RD) from parent sheets by punching and water-jet
stream, at widths w = 5-60 mm and length 300 mm. The density of the
alloys is 6 = 7650 kg/m? and the electrical resistivity is 52.:10°8 Qm
and 50-10~% Qm in the NO20 and M300-35A steel sheets, respectively.
While crystallographic investigations were not within the scope of this
work, the magnetic measurements, made according to the standards,
with mixed RD and TD Epstein strips, point to 10%-15% anisotropy of
magnetic losses in these non-oriented materials. The specific direction
of sheet cutting appears therefore irrelevant from the viewpoint of the
cutting-induced magnetic hardening. The average grain size is 122 um
and 86 pm in the NO20 and M300-35A steel sheets, respectively.

In the case of punching, the guillotine method was chosen, and an
industrial shear-cutting tool was involved. The most important tool pa-
rameter is the cutting clearance, which represents the distance between
the punch and die, set at 35 pm. The punch was a normal tool, whose
radius is estimated between 30 pm and 50 pm. The surface pressure un-
der the blank holder is 250 MPa. In the case of water-jet cutting technol-
ogy, we have used an industrial water-jet device supplied by a high-pres-
sure pump of 40 MPa, which uses a mixture of Garnet 80 mesh parti-
cles with density of 4100 kg/m?® and average diameter 0.18 mm. It has a
0.4 mm diameter sapphire orifice with a carbide nozzle of 1.05 mm di-
ameter for the abrasive water jet. The cutting conditions were the same
for both types of electrical steel. The magnetic measurements were made
by means of a calibrated hysteresisgraph endowed with digital control of
the induction waveform [24]. The magnetic field was applied by means
of a flat wide solenoid, inserted, together with the measuring strips, be-
tween the pole faces of a vertical double-C laminated yoke. The strips,
from 12 to 1, were placed side-by-side, in order to always form a 60 mm
wide testing sample. Besides the normal magnetization curve, the en-
ergy loss W(f) was measured for J, = 1.0 T and 1.5 T up to 1500 Hz and
400 Hz in the 0.20 mm thick and 0.35 mm thick strip samples, respec-
tively.

The procedure of loss decomposition, passing through the analysis of
the statistics of the “magnetic objects” [25], shows that these are the
upper frequencies attainable without incurring into non-negligible skin
effect.

3. Results and discussions
3.1. Normal magnetization curves

The influence of the cutting procedure on the quasi-static normal
magnetization curve, obtained as the locus of the tip points of a se-
quence of symmetric hysteresis loops, taken up to the maximum peak
field H, = 5 kA/m, is shown for the 0.20 mm thick NO Fe-Si sheets in
Figs. 1 and 2. The evolution of the curve upon the decrease of the strip
width from 60 mm to 5 mm puts in evidence how magnetic hardening
is reduced in the water-stream cut samples.

The inset of Fig. 1 provides a schematic subdivision of the cut strip
into an undamaged core and two strain-hardened lateral bands of width
L. This rather crude model, where the measured peak polarization J, is
the weighted average of polarization value attained in the core Jpo and
the one pertaining to the damaged bands J,, provides, for any given ap-
plied field H the dependence of J, on the strip width w as:

2L,

Sy ) =Jpo = (po = Jpe) VL’ (w22L,) (@)
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Fig. 1. Quasi-static normal magnetization curves versus width w of the strip samples in
punched 0.20 mm thick NO Fe-Si strips. The scheme in the inset provides a coarse model
for the cut strip, endowed with damaged lateral bands of width L., and a central unscathed
region.
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Fig. 2. Same as Fig. 1 for the water-jet cut 0.20 mm thick NO Fe-Si strips.

where Jp,. and Jpo (with Jp < Jpo) are the polarization values belonging
to the two strain-hardened bands and the central undamaged region of
width w - 2L, respectively.

Let us write, for a defined applied field value H, Eq. (1) as J,(w) = a
- b/w. By measuring the magnetization curve at two generic strip widths
(for example w; = 30 mm and wy = 10 mm), J,. and Jpy are found
for any H value and we obtain the parameters a(H) and b(H). This
permits us to predict the J;, versus w curves shown in Fig. 3 for the
0.20 mm thick water-jet cut strips at defined H values (50 A/m <H <5
kA/m). As similarly observed in previous experiments on punched strips
[22,23], Eq. (1) provides excellent fitting of the experimental J,(w) be-
haviors (symbols). We can immediately conclude from the saturating be-
havior of these curves on increasing w, that the effect of water-jet cut-
ting becomes negligible for w > 40-50 mm. By the same fitting curves,
we can estimate the width of the fully damaged bands. Such an estima-
tion, signaled by the straight vertical line in Fig. 3, is made, on the one
hand, by identifying the a(H) and b(H) parameters at very high fields,
where all the curves eventually coalesce and b(H) tends to zero, and on
the other hand, by the obvious condition J > 0 at the lowest H values.
We thus evaluate 2L.~3.0 mm in the water-jet cut 0.20 mm thick lami-
nations (vertical line in Fig. 3). The intersection points of this line with
the Jp(w) curves predicted by Eq. (1) identify the magnetization curve
of the strain-hardened lateral bands.
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Fig. 3. Magnetic polarization J (symbols), measured at different field strengths in the
0.20 mm NO Fe-Si water-cut samples, as a function of strip width w. The solid lines are
predicted by the hyperbolic function (1). The vertical line identifies the estimated width
w = 2L, of the fully damaged strip.

The same procedure works in the case of 0.35 mm thick alloys cut
either by punching or water-jet stream. Table 1 shows the so-found val-
ues of 2L, in the investigated materials. The uncertainty of such estimate
is evaluated around +10%-20%.

3.2. Quasi-static energy loss

The hysteresis energy loss Wj, is obtained by extrapolating to f — 0
the measured W(f). This quantity has obvious physical meaning, because
it is identified with the energy dissipated by the localized discontinuities
of the dw motion (Barkhausen jumps). Because of its local nature, we
can treat W,(w) as we did with the polarization J,(w) and write

Wy (w.J,) = Wio (Jp0)
2L,

+ (Whe (Jpe) = Wio (Jpo)) v (w @)
>2L,)

where Wy, and Wy (with Wy > Wyo) are the specific loss values asso-
ciated with the strain-hardened and the core regions, respectively. By
taking again the two strips of width w; and w, and using the related ex-
perimental Wy,(w, Jp) curves, we find Wy, (wy, Jp(Hp)) and Wy(w,, J,(Hp))
for a same Hj, value, we solve Eq. (2) for Wy(J,0) and Wy(Jpe), and we
arrive at the dependence of Wy(J},) on the strip width. Predicting exam-
ples by Eq. (2) are provided for J, = 1.5 Tand 1.0 T (solid lines) in Fig.
4, compared with the experimental Wy,(w) values (symbols).

The strip width w = 2L, at which the strip appears to be fully
strain-hardened by cutting, corresponding to the upper limit Wy(2Le, Jp)
for the hysteresis loss, is signaled (diamond symbols). The advantage of
water-jet cutting in terms of reduced additional losses is apparent.

Table 1
Estimated values of the width 2L, of the degraded portion of the cut Fe-Si strips (see Fig.
1). It corresponds to the width of a fully damaged strip.

Thickness d (mm) Punched Water-cut
0.20 3.5 mm 3 mm
0.35 4 mm 3 mm
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Fig. 4. Hysteresis loss Wy, versus cut strip width w measured at J, = 1.0 T and 1.5 T in
the 0.20 mm and 0.35 mm (inset) thick NO Fe-Si alloys (symbols) and their prediction by
Eq. (2) (solid lines). The lower limiting width w = 2L, of the fully damaged material is
signaled by the diamond symbols.

3.3. Dynamic losses

The dynamic magnetic properties of the differently cut NO Fe-Si
strips have been analyzed by loss decomposition, as sketched in Fig. 5,
according to the Statistical Theory of Losses [25].

The classical energy loss W, (f) is readily calculated, because, being
chiefly associated with the macroscopic eddy currents, for the great part
confined at and close to the sheet surface, they mostly descend from the
rate of change of the flux throughout the whole sample cross-section,
that is, from

the average polarization value Jj,. We can then write, in the absence
of skin effect [26], for a strip of thickness d, resistivity p, and density &

Wa () = (22/6) - [721) (05)] . 7 /ke] ®

a quantity not affected by cutting.

Of course, W (f) provides for a part only of the dynamic losses,
whose complete analysis requires modeling of the excess loss Wey.(f), ex-
perimentally obtained as

Wexe (f) =W (f) - Wy (f) - Wy (/) . (€]

Fig. 5a and 5b show the measured behaviors of W(f) at J, = 1.5 T
in the water-cut and punched 0.20 mm thick strips up to f = 1500 Hz
The Wex(f) curves extracted from W(f) using Eq. (4) are shown for the
different strip widths in Fig. 5. It is observed that both hysteresis and
excess losses increase with decreasing the strip width, that is, by increas-
ing the average magnetic hardness caused by plastic deformation. It is
also apparent that We,(f) follows an f /2 dependence. We can actu-
ally describe this behavior taking advantage of the formulation given by
the Statistical Theory of Losses, which provides on very general grounds
[27]

Wege () =2 VJ/”/Z 4 365 O 2fJ cos ¢
= Zn, T Ccos
exc 0" 0/p 0 pn2V2 p

0°0

()
— 1> cos pd ¢,

for sinusoidal induction. S is the cross-sectional area, G = 0.1356, and
the statistical parameters, ny and V, refer to the discrete structure of
the magnetization process and the statistics of the local coercivities
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Fig. 5. Energy loss W(f) measured versus frequency at J, = 1.5 T in water-cut (a) and
punched (b) 0.20 mm thick NO Fe-Si strips. The strip width ranges between 5 mm and
60 mm. The excess loss component Wy (f) is extracted from W(f) according to Eq. (4).
The dashed lines show fitting of Wex.(f) by means of Eq. (5).

(see [28]). The fitting lines in Fig. 5 are calculated by Eq. (5) using sin-
gle values for n, and Vj. These values play the role of an average of the
actual parameters pertaining to the cold-worked bands and the core. As
expected, the parameter V|, approximately proportional to the coercive
field, increases with decreasing the width w.

The term Wey () lumps the energy dissipated by the eddy currents
circulating in the immediate surroundings of the moving domain walls.
The local character of these currents makes it possible to distinguish
between the contributions to Wex(f) provided by the strain-hardened
bands and the pristine core of the strip. Consequently, by further taking
into account, as previously stressed, that hysteresis and excess losses are
physically related [25], we are naturally led to generalize Eq. (2) to the
behavior of the excess loss and write its dependence on the strip width
at any frequency f as

Wexc (Wv‘]p’f) = Wexc (Jpo’f) + (Wexc (Jpc’f)

2L, ©)

- chc (JpO’f)) W

with Weye(Jpo, ) and Weye(Jp, f) associated with the core and the lat-
eral bands, respectively. By repeating, although to somewhat higher de-
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gree of approximation, the procedure previously described for Wy(w, Jp)
and using, for any given frequency f, the experimental Wey.(w, J,) curves
at widths wy and w,, we find Wexc(Wy, Jp(Hp)) and Wexc(wa, J,(Hp)) for
the same H,, value. We introduce these quantities in Eq. (6) and we ob-
tain Wexc(Jpo, ) and Wexc(Jpe, f), by which the excess loss Wexc(w, Jp, f)
for any width w can be predicted.

The continuous lines in Fig. 6 show the so-calculated dependence of
Wexe (f = 50 Hz, J, = 1.0 T and 1.5 T) in the NO Fe-Si, 0.20 mm thick
sheet, as a function of w. The experimental results (symbols) are ob-
tained in the punched and water-jet cut samples. As predicted by the
theory [25,28], the increase of coercivity and hysteresis losses by me-
chanical hardening is paralleled by an increase of the excess losses.

4, Conclusions

We have investigated the effect of cutting on the magnetization
curve and magnetic losses of NO Fe-Si steels of different thickness
(0.20 mm and 0.35 mm) and we have worked out a simple model to
consider the overall phenomenology from dc up to 1.5 kHz. The pro-
posed approach permits one to assess the role of punching and water-jet
cutting on the quasi-static and dynamic energy loss behavior, in con-
junction with the loss decomposition method. This is accomplished by
using simple analytical expressions.

Starting from an elementary scheme, where narrow work-hardened
bands at the edges of the cut strips are distinguished from the undam-
aged inner core, it is predicted and experimentally observed that, un-
der defined applied field H, the polarization level J(H), hysteresis loss
Wi(Jp), and excess loss Wex(Jp) at given peak polarization, J, all fol-
low hyperbolic dependences on the width w of the cut strip samples.
The width of the plastically strained band at each strip edge is also esti-
mated, by means of fitting. It turns out to be of the order of 1.5-2 mm,
with increased damage observed in the guillotine-punched strips. It is
finally observed that hysteresis loss and excess loss follow similar in-
creasing trends upon increased mechanical hardening. This confirms the
theoretical expected correlation between the material coercivity and the
statistics of the dw dynamics in NO steel sheets.

There is no reason to limit the developed model to strips and straight
cutting lines. Once a certain cutting procedure is defined on such sam-
ples, more complex profiles, as the ones found with teeth and slots
in stator cores, can be treated in the same way, with some possi-
ble limitations in corner zones, where the distribution of the residual
stresses is complex. The model is quite general and can be appropri-
ately applied to the laser cutting technology, independent of the differ-

25 T T T T 25' T i T j T
HEFe-Sl, | NOFe-si, d=0.35 mm
d=020mm, __ 5] | f=50Hz

20 f=50Hz 3:) . Punched  Water-cut

S 15| o Experimental =
= { \\Tedicted
o S tofh—
X 15 3 ) 157 ]
= = ;] .‘N . J
2 5 e 3
£ 10T 1
510 0
gtv 15T 0 10 20 30 40 50 60
- w (mm)
5] — 2L;-punch — :unched IWaler—cut ]
&5:5:——— Predicted — —
0 L 2'Lc—water 107
0 10 20 30 40 50 60
w (mm)

Fig. 6. Excess loss Wey. versus strip width w in 0.20 mm and 0.35 mm (inset) thick NO
Fe-Si alloy (f = 50 Hz, J, = 1.0 T and 1.5 T). The experimental Wey. values (symbols) are
fitted by Eq. (6) (solid lines). Diamond symbols indicate the 2L, limit.
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ent degree of damage with respect to mechanical cutting.
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