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Modelling of the Properties in Soft Magnetic Material After

Punching Process

Abstract. The paper deals with the problem of determining the width of the damaged material zone, resulting from the punching process. Using the
FEM model and the measurement results, the author propose to apply algorithm which enables determination of magnetic material parameters of
the damaged zone. It should be stressed that the proposed algorithm uses non-invasive method of measuring.

Streszczenie. Artykut opisuje problem wyznaczania szeroko$ci strefy zniszczonego materiatu, bedacej wynikiem procesu wykrawania.
Wykorzystujgc model FEM oraz wyniki pomiaréw, autor proponuje algorytm postepowania ktéry umozliwia wyznaczenie szerokoSci a takze
wiasciwo$ci materiatu zniszczonej strefy. Nalezy podkre$lic, ze proponowany algorytm wykorzystuje bezinwazyjng metode pomiaru. (Modelowanie
wiasciwosci miekkiego materiatu magnetycznego poddanego procesowi wykrawania)
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Introduction

The problem of accurately iron loss determining is stud-
ied for many years. Despite the existence of many models
describing the ferromagnetic magnetization phenomenon,
the problem still remains unresolved. One of the reasons for
the difference between the results of measurements and
calculations is to omit the influence of mechanical treatment
process on magnetic material parameters [1]. In particular,
the punch process is the cause of the material degradation.
In the past many researchers have analyzed the problem.
In [2,3] and [4] we find some information about the influence
of the cutting operation on the magnetic material loss. In [5]
the authors use a toroidal sample and show the influence of
annealing onto magnetic properties after punching process.
The first results of a study on the width of the damaged
zone which shows the change of internal structure is de-
scribed in [6]. In this work, it was found that the width may
be equal to the thickness of the sheet. It was noted further
that there is a clear effect of cutting tools (with blunt or
sharp edges) to the significant deterioration of magnetic
properties of the damaged material [7]. The authors indicate
the existence of several regions of the damaged material as
a result of cutting. Many authors point out as the cause of
the deterioration of magnetic properties, formation of de-
formation of the material and the presence of additional
internal stresses [8-12]. Efforts are being made to measure
the width of the damaged area of the material. Used such
invasive methods (drilling holes in the material) to
determine the width of the damaged zone is described in
articles [9] and [13]. In addition to research results, in the
available literature, we find also attempts to model the cut-
ting process and determining losses. An example of inter-
esting research results are described in [14-16]. The author
analyzes by FEM model, phenomena in toroidal core sub-
jected to a cutting process. The result of research, aided
measurements, is to determine the width, specific loss and
permeability curves vs. field strength of the damaged zone.
The author suggests to apply a non-invasive method of
measurement to determine the parameters described
above, what has not been described in literature yet.

Experimental investigations

As well known, the Epstein frame is the international
standard for all the energetic and magnetic measurements.
Available literature describes many studies that use Epstein
frames. Among them there are Epstein frames those have
been used for the measure of the iron loss increase due to
the punching process [17]. The number or length of
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punched edges has been increased in the magnetic
samples and the iron loss increase has been measured. In
this case, the iron loss increase depends on the length of
the punched edge. A similar approach has been chosen by
the author and toroidal cores have been used as magnetic
samples. In the present work two cores have been
assembled. The first sample was realized overlapping 45
rings having the inner diameter equal to 120 mm and the
outer diameter equal to 200 mm. The used non-oriented
magnetic material has a thickness of 0,5 mm. After
annealing process this magnetic material has specific
losses equal to 4,11 W/kg at 1,5 T/50 Hz. The second
sample, first annealed, has been realized with the same
external dimensions and number of rings. This sample was
assembled with five concentric rings (see Figure1) having
width of 8 mm. Test samples had two windings: a primary
winding powered by the power supply and the secondary
winding used for registration of induced voltage.

Fig.1. Geometrical characteristic of the core assembled using five
concentric rings
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Fig.2 Instrumentation set up for the iron loss measurement.

Measurements were performed in a typical system
consisting of a variable sinusoidal voltage supplier and
providing digital oscilloscopes, recording waveform of
current in the primary winding and waveform of induced
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voltage in the secondary winding — Fig.2. The variable
voltage supply was provided by a sinusoidal power supply
(20 KVA, voltage THD < 0,1%). This equipment guarantees
that the voltage form factor is close to 1,11, also for high
flux density values. The voltage across the shunt resistor
(proportional to H) and the induced voltage (proportional to
dB/dt) were fed to digital oscilloscopes to measure the iron
loss. The B-H curves as well as specific loss curves,
measured for both samples are presented in Figures 3 - 4.

BT
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H[A/m]
Fig.3 The measured B-H curves. 1 — structure partly damaged due
to punching process, 2 — undamaged material structure
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Fig.4 The specific losses measured at 50 Hz.1- structure partly
damaged due to punching process, 2- undamaged structure.

FEM approach and calculation results

The FEM models representing the tested toroidal sam-
ples were built using the commercial package OPERA 3D.
The first model represents a sample made of undamaged
material (Fig. 5), while the second one - a sample
containing partially damaged material.

Each FEM model contains 350 000 first order elements.
In calculations (the magnetostatic problem has been
solved) the measured nonlinear B-H characteristic, relating
to the undamaged material was used. The results obtained
from the electromagnetic calculation were used to find the
width of the damaged area of the punched material (what is
described later in the paper). To compare the calculated
results it was assumed that the maximum magnetic field
strength Hmax is defined by formula

— N Imax

(1) H_ =
2z,

max
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where N is the number of turns, Imax is the maximum value
of current, ry is the average radius calculated according to
(2), re and r; are the external and internal radiuses
respectively.

2) po=te

Fig.5 The 3D FEM model of the tested toroidal sample.

First, the FEM model representing the undamaged
magnetic material was used. Enforcing the current in the
coil (current was defined on the basis of executed
measurements) and solving the magnetostatic problem, the
flux density distributions were obtained along a specified
contour. The contour parameters and its direction, are
described below. The two series of calculations were
completed: in the first one the currents corresponded to
result of measurements carried out for the undamaged
material (corresponded to the field strengths H,4), while in
the second one the currents corresponded to result of
measurements carried out for the partially damaged
material (corresponded to the field strengths Hy). The used
contour starts at the center of the coordinate system and it
is directed along the X axis (direction of X axis is presented
in Figure 5). For contour placed in this way, the Bx and B,
components of the flux density vector are close to zero
(directions of Z axis and Y axis are visible in Figure 5). This
means that for a defined contour only By flux density
component is important.

1.6 By (7]

X [mm]
Fig.6 The distribution of the B, flux density component vs. contour
X coordinate. Undamaged material. Numbers from 1 to 11 refer to
the corresponding magnetic field strengths H,, shown in Table 1
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Fig.7 The distribution of the B, flux density component vs. contour
X coordinate. Undamaged material. Numbers from 1 to 11 refer to
the corresponding magnetic field strengths Hy shown in Table 1

Since the inner radius equal to 60 mm and outer radius
equal to 100 mm, so the distribution of the By flux density
component was presented in a range from 60 to 100 mm —
see Figures 6-7. These distributions were determined for
several values of magnetic field strength corresponding to
the accepted average values of induction Bay — see Table
1. In partially damaged material to achieve the same
average flux density as in undamaged material, it is
necessary to enforce a magnetic field strength Hy > Hpg. As
a result, in undamaged material and excitation proportional
to Hy there is the greater Bayp flux density. Calculated the
average Bavp flux density values are presented in Table 2.

Table 1. The values of the magnetic field strength for the

undamaged material (H,) and for damaged material (Hy),
measured for specified Bay flux density .
Bav[T] 0,5 0,6 0,7 0,8 0,9 1,0
Hy [A/m] 79 91 102 111 119 128
H,[A/m] 106 120 134 154 182 217
Bav|[T] 1,1 1,2 1,3 1,4 1,5
Hyp [A/m] 137 154 185 263 583
Hy [A/m] 271 344 467 706 1222

Table 2. The Bavp flux density values calculated for magnetic field
strength Hyin undamaged material

Hy [AIm] 106 120 134 154 182 217
Bavp [T] 0,75 0,90 1,05 1,20 1,29 1,35
Hy [AIm] 271 344 467 706 1222
Bavp [T] 1,41 1,45 1,48 1,51 1,55

Based on the results of experiments described in the
available literature, it can be concluded that the damaged
material has far worse magnetic parameters in comparison
with the undamaged material (especially for the flux density
in the range from 0,6 T to 0,8T — for the investigated
material). In order to estimate the minimum width of the
damaged area, the author suggests making the following
assumption: flux density equals 0 in the damaged zones
when the measured average flux density Bay is lower than
0,8 T (the excitation field strength is H,). Knowing the radii
of punching (for individual rings), in calculated flux density
distributions set for Hy magnetic field strength, the width of
the area representing damaged material was increased, to
reach an average flux density value below the expected Bav
(with specified ¢ error). To achieve this goal, the second
FEM model was used, in which: the width of the damaged
zone was changed; in the damaged part of the material the
relative magnetic permeability was assumed equal to 0O; in
the undamaged part of the magnetic material the non-linear
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B-H curve was assumed; the currents corresponding to the
Hy field strength were forced. The applied algorithm
changes damaged zone width as long as the calculated
error ¢ is below the specified value. The & error was
determined by following formula

@) e= ]

where n is the number of points in a contour, B; is the
calculated flux density at i-th point of the contour
(determined for the field strength Hy), Bav is the expected
average value of flux density.

On the basis of the calculations performed, it was found
that the minimum width of the damaged zone near the cut
edge is equal to 1,2 mm (it was assumed that this width is
identical for all five rings). The example of the flux density
distribution, taking the damaged areas into account, is
shown in Figure 8.
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Fig.8 The distribution of the B, flux density component vs. contour

X coordinate. Results determined for the magnetic field strength Hy
equal to 120 A/m. The width of the damaged zone equals 1,2 mm.

In the damaged zone the flux equals 0.

Another problem is the estimation of the maximum width
of the damaged material zone. The maximum width of the
damaged zone was determined based on the measurement
results carried out for a package made of rings having a
width of 40 mm. It was found that the specific loss increase
(for this package with respect to specific loss determined for
annealed material) is five times smaller than that for a
package made up of five concentric rings. This means that
the width of the damaged zone near punched edge is less
than 4 mm (which is a half the width of one of the five
concentric rings). Knowing the range in which the width of
the damaged zone exists, the author began to define its
width more accurately. In this discussion the author
assumes that the magnetic permeability of the material in
damaged zone is dependent only on the current value of
the magnetic field strength. As we know from the available
literature the change of magnetic properties depends on the
current value of the tensions inside the material structure.
These tensions vary with distance from the punched edge.
But it is known that only in not very high tension range the
rapid changes in magnetic properties occur. These changes
for larger tensions are not violent. In this respect the author
assumes that the internal tension distribution is identical
across the damaged zone, which authorizes the adoption
such assumption: the magnetic permeability is dependent
on the magnetic field strength only (of course it is quite
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different than magnetic permeability for undamaged
material for the same magnetic field strength). Since, the
damaged zone permeability is a function of the magnetic
field strength only. First, the initially estimated magnetic
permeability (for specified magnetic field strength) was
determined based on knowledge of the A magnetic
conductivity. In the case of partially damaged magnetic
material, there are side by side areas with different A
magnetic conductivities. Then the resultant magnetic
conductivity of the area having cross-section 4 is equal to
the sum of the conductivity of an area having cross-section
A1=h(a-x) and the conductivity of an area having cross-
section 42=hx. Of course, the sum of components 47 and
A2 equals 4 — see Fig. 9. Thus, it becomes possible to
estimate the magnetic permeability of the damaged area as
a function of its width x

(4) = — (M _)/:AV)a

where x4 is the magnetic permeability of damaged material,
w1 is the magnetic permeability of undamaged material (for
the field strength Hy), wav is the measured magnetic

permeability (for the average flux density Bay), a is the
material width (40 mm), x is the unkown total zone width

near cut edge.

X (D1
hi | Kk Ly My
x/2 a X/2

Fig.9 A magnetic material with two marked regions.

Table 3. The estimated relative magnetic permeability e«
determined for some total damaged zone widths.

Hq [N 1222

x [mm] 12 14 16 18 20 22
L[] 907 | 922 | 934 | 943 | 950 | 956
Hq [A/m] 706

x [mm] 12 14 16 18 20 22
L [ 1294 | 1354 | 1398 | 1433 | 1461 | 1484
Hy [AIm] 467

x [mm] 12 14 16 18 20 22
e 1508 | 1655 | 1765 | 1851 | 1919 | 1975

Next step was performed to more accurately estimate the
width of the zone, assuming that all the damaged zones
have the same widths. To do this we have to find two
equations binding the damaged zone permeability and its
width. We can achieve this by writing the following
equations:

(5) B,,ah =B xh+B,,,(a—x)h

where % is the height of magnetic core, Bay is the average
flux density for partially damaged material, By is the flux
density for the damaged part of the material, Bavp is the flux
density for undamaged material.

(6) pyahlp = chthp+pl(a —x)hlp

where pay is the measured specific loss for partially
damaged material, ps is the measured specific loss for
undamaged material (determined for calculated flux density
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Bawp), pis the mass density, I is the magnetic circuit length,
c is the specific loss constant.

In formula (6) it was adopted that the specific losses in
the damaged zone are proportional to the square of the flux
density. This relationship was determined on the basis of
the loss component measurements, executed for the
undamaged and damaged materials, in specified flux
density range. For the undamaged material hysteresis
losses are proportional to B*' whereas for damaged
material they are proportional to B*°.

The ¢ constant could be eliminated from the above
equation by writing a new equation for new work conditions.
Determining the induction B, from equation (5) and inserting
it into equation (6), after ordering we obtain

((BAV — BAVD)a+BAVDx)2
X

™ p, +p(a—x)

ya=c

Some data used to determine the width of the damaged
material zone are given in Table 4. In the calculations the
following pairs of data for the Bay flux densities were used
(1,5T,145T),(1,45T,1,4T)and (1,35 T, 1,3 T). Then the
following pair of results for the damaged zone widths were
obtained (in mm): 0,17 and 1,62, 0,25 and 2,0, 0,36 and
2,0. As previously demonstrated the minimum zone width is
equal to 1,2 mm, so it was necessary to reject the results of
calculations that do not meet this criterion. Then, using the
remaining results, the mean value was calculated and
accepted as the proper width of the damaged zone. The
proper value equals 1,87 mm. Please note the dependence
of ps and payv specific losses on the Bay flux density,
presented in Table 4. For the Bay flux density equals 1,5 T
the pav specific loss is greater than the p;s specific loss
whereas for the flux density equals 1,3 T pav is smaller than
p1. This trend also occurs for the lower Bay flux density.
This confirms the earlier assumption that for the small flux
density Bay it can be pre-assumed that the flux density in
the damaged area is close to zero. For larger Bay flux
density this assumption may not be accepted.

Table 4. The measured and calculated data needed to determine
the damaged zone width.

Bav[T] 1,5 1,45 1,4 1,35 1,3
Buyo [T] 1,55 1,53 1,51 1,49 1,48
pav [W/kg] 5,02 4,68 4,32 4,04 3,72
p1[Wikg] 4,46 4,31 4,16 4,01 3,94

After estimating the proper zone width of the damaged
material, the magnetization curve of the damaged material
was determined. The calculation process started with the
magnetic field strength which equals 1222 A/m. Knowing
the zone width, the part of the magnetization curve should
be found using the calculated average flux density Bav
which should reach 1,5 T. The magnetic material is
nonlinear and the magnetic field strength on the surface
depends on the current radius, so it is necessary to
designate the fragment of the magnetization curve, not a
single magnetic permeability value. This part of the curve
will not change during next calculations. The magnetization
curve of the damaged material was approximated by a
cubic spline, using initially estimated magnetic
permeabilities calculated with help of the known zone width,
according to (4). For each Bay a minimum and maximum
magnetic field strengths (on the sample surface) are known
because they result from the ampere-turns as well as the
inner radius and outer radius of the sample. For such a
range of magnetic field strength, the magnetization curve
was mapped by a third-degree polynomial.
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For a pre-set material damage zone width, the proposed
algorithm has found the polynomial coefficients so as to
achieve the minimum error described by the equation (3).
The B; induction values were calculated with the aid of a
FEM model and the currently used polynomial representing
a part of magnetization curve for damaged material. Then,
the next interval of the magnetic field strength was fixed and
for this interval the next third-order polynomial was
determined. In this way the magnetization curve of the
damaged material has been found — see Figure 10. As a
result of calculations carried out, a new flux density
distribution was received - see Figure 11. As it is clear from
the presented distribution, flux density in the damaged
areas is three times smaller than in the adjacent
undamaged areas. Flux density step change between
damaged and undamaged areas of the material is the result
of accepted simplifying assumptions.
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Fig.10 The determined curves of the relative magnetic
permeability. d — the calculated curve for damaged material, nd —
the measured curve for undamaged material, pd - the measured
curve for partially damaged material. The width of the damaged
zone equals 1,87 mm.
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Fig.11 The distribution of the B, flux density component vs. contour
X coordinate. The magnetic field strength H; - 120 A/m, both
magnetization curves included. The width of the damaged zone —
1,87 mm.

After determining the width and the relative permeability
curve of the damaged zone, it was possible to determine
the specific loss of the damaged material. To accomplish
this task it is necessary to obtain knowledge about: specific
iron loss dependence on the flux density of the undamaged
material; the total losses measured in the sample; the
distribution of the flux density in the sample containing
partially damaged material. Based on measurements the
same specific loss vs. flux density dependence (power of
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flux density) has been found, both for the undamaged and
damaged materials (of course the aspect ratio was different
for the damaged and undamaged material). The procedure
for determining the specific loss curve of the damaged
material is identical to that which was applied when the
relative permeability curve was determined. In this case, the
procedure minimizes the error determined by the formula

2
1
\/[pmeas - zpcali]
®) ni3

E=
P meas

where 7 is the number of elementary volumes, pcai is the
calculated specific loss in i-th elementary volume, pmeas is
the measured specific loss, both determined for the same
specified Bay flux density.

As a result of the calculations executed, the specific loss
curve of the damaged material was determined and
reported in Figure 12. In fact, it is interesting to observe that
the partially damaged material is between the a and c¢
curves. Using the specific loss curve for the damaged and
undamaged materials some examples of specific loss
distribution in the sample are presented in Figures 13-14.
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Fig.12 The specified iron loss vs. flux density. a — undamaged
material, b— measured for partially damaged material, c— damaged
material. The width of the damaged zone equals 1.87 mm.
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Fig.13 The distribution of the specific loss vs. contour X coordinate.
The magnetic field strength H; equals 120 A/m. The width of the
damaged zone equals 1.87 mm.

Comparison of measured and calculated specific loss is
presented in Table 5.
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Fig.14 The distribution of the specific loss vs. contour X coordinate.
The magnetic field strength Hy equals 1222 A/m. The width of the
damaged zone equals 1.87 mm.

Table 5. The comparison of measured and calculated specific loss
in tested sample, determined for specified B,y flux density .

Bav[T] 05 | 06 | 07 | 08 | 009 1,0
Do [Wikg] 05 | 067 | 085 | 1,07 | 128 | 141
7o [Wikg] 019 | 0,25 | 0,32 | 047 | 0,71 | 0,84
Poow Wkg[ | 0,69 | 092 | 117 | 1,54 | 1,99 | 2,25
Povens Wkg] | 0,69 | 094 | 122 | 1,53 | 1,90 | 2,29
Bav[T] 11 1.2 13 | 14 15
Do [WIkg] 153 | 161 | 168 | 1,79 | 1,95
o [Wikg] 120 | 154 | 2,02 | 2,56 | 3,10
Poow Wikl | 2,73 | 3,15 | 3,70 | 4,35 | 5,05
Povens Wkg] | 2,72 | 319 | 3,72 | 4,32 | 502

where pypis the calculated average specific loss determined
for the non-destructed part of the sample, pp is the
calculated average specific loss determined for the
destructed part of the sample, poca is the calculated
specific loss determined for the sample, p puess is the
measured specific loss determined for the sample.

Conclusion

The author proposed a method for determination of the
damaged zone width. The damaged zone results from the
execution of punching process. In the proposed method the
3D FEM model and the results of the measurements were
used. The data necessary for calculation is based on simple
non-invasive measurements. Then, the author proposes a
computational algorithm that uses: fixed width of the
damaged zone, the results of the measurements and the
adopted model of the magnetic material. The accepted
model of magnetic material assumes that the magnetic
material properties of the damaged zone, depend only on
the magnetic field strength. This means that these
properties do not depend on the current distance to the
cutting edge. Adequacy of the adopted assumptions has
been verified by the adoption of another magnetic material
model, defining variability of the magnetic material
properties. This will be described in subsequent papers,
which are in preparation. The performance of the proposed
way of proceedings was verified by the measurement,
yielding very good agreement. The complete verification of
the proposed approach needs to be supported by additional
research carried out on the analyzed samples; for this
reason further experimental investigations are ongoing.
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However, the obtained results correspond very well are in
good agreements with the results of other researchers
described in the literature.
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