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Abstract

The authors deal with the problem of determining the local properties of ferromagnetic material subjected to mechanical
cutting. They use a IR camera to record local temperature rise in the punched region. Next, the temperature measured is
used in the numerical models that allow estimation of the power loss density distribution. A simple inverse thermal model
for a ferromagnetic strip with non-uniform power loss are presented. The correctness of the results obtained from the
simple inverse model is verified using the 3D thermal finite element model (FEM) and compared with the measurement
results.

1. Introduction

It is known that the mechanical cutting changes the local properties of ferromagnetic materials, located close to the
cut edge. The changes are the result of additional internal stresses in the material structure, as well as breaking of grains
and magnetic domain structures. This phenomenon has been under investigation for many years, using invasive and
non-invasive measurement methods. The invasive methods include, for example, the method of measuring coils placed
in drilled holes [1]. Unfortunately, this method change the local properties of the material. In contrast, there are non-
invasive methods, such as, for example, magnetovision one [2] and method based on a neutron grating interferometry
[3], which do not vary the local properties of the material. The scientists also use methods that are partially invasive
ones, e.g. the needle probe method [4] (measuring needles absorb a portion of the heat generated in the area) or micro-
hardness measurement method [5] (introducing additional microstrains in the structure). The authors of this paper show
that it is possible to use IR camera to record the local temperature rise in the punched area, and then by using the
analytical or/and numerical thermal modeling can determine the density distribution of power loss in the zone near the
cut edge of the ferromagnetic strip [6]. Two mathematical heat transfer models describing the dynamic thermal problem
in a ferromagnetic strip were used to find the distribution of heat generation in a strip. The temperature fields calculated
by these models have been compared with the measurement results.

2. Numerical models for the analysis of the loss density distribution

At first, the authors implemented 3D numerical model to estimate the power loss density distributions —fig. 1.The 3D
thermal model was built in the OPERA commercial software package. The appropriate boundary conditions and thermal
parameters of the ferromagnetic strip were chosen as it shown in fig. 1. The cut edge is located on the front side (Ozy
plane on the left side of the model with the heat transfer coefficient h=5 W/m?K).

30 mm

dT/dx=0

Fig. 1. Sectional model of a magnetic strip used in both numzerical and analytical modeling (heat transfer coefficients in
W/m“K)
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Assuming the axial symmetry of heat propagation in a ferromagnetic strip subjected to cut allows significant
acceleration of computing time. The model defines several zones (sections) where the different power is dissipated.
Modeling of the magnetic strip's sections requires the proper boundary and interface conditions for the FEM modeling.
The boundary conditions mentioned below were applied.

¢ Right and left sides of the model — symmetry was assumed because the physical phenomenon has the same nature
along the cut surface, T(zZmin) = T(zmax) — fig.1.

e Front and back sides — heat is removed from the surfaces. The heat transfer coefficient on the front surface (x=0)
was assumed to be equal to 5 W/m?K while on the back side (x = 0.03 m) the adiabatic boundary condition is taken.

« Bottom side - heat is removed from this surface. The heat transfer coefficient was assumed to be equal to 5 W/m°K
(bottom side is for y = 0),

e Upper side - heat is removed from this surface. The heat transfer coefficient was assumed to be equal to 25 W/m?K
(upper side is for y = 0.0035 m).

The OPERA 3D software describes three dimensional thermal fields which can be represented using a single scalar
potential T. Physically, T is the usual temperature field. The thermal gradient intensity DT is given by the equation (1).

DT =-VT (1)
and the heat flux density q by (2).

q=ADT 2)

where 4 is the thermal conductivity. Energy conservation requires the time rate of the change of internal thermal energy
within a volume to be equal to the power density minus the change of the heat flux through its surface. Applying the
energy conservation to an infinitesimal volume yields

pcngzp\,—V-q @)

where py is the volumetric heat source density, p the mass density, and c,, the specific heat of the magnetic material.
Combining above mentioned equations it is possible to write the well-known diffusion equation for the temperature
distribution.

pcng LV VT =, )

The ferromagnetic strip has following dimensions: ts = 350 pm thick, d = 30 mm width, I=300 mm length, whereas
the modeled piece was 5 mm long (this is the distance between right and left sides of the model). The model was divided
into 10 sections with dimensions listed in table 1. It was assumed that the heat is dissipated to the ambient by convection
and radiation according to the estimated convective heat transfer coefficients. The authors adapted in each section
evenly distributed heat source, whose values were sought.

Table 1. Dimensions along X axis, for all 10 sections the model was divided into (in mm)
di d> ds d4 ds ds ds ds do dio
0.5 1 2 25 3 4 4 4 4 5

The model is placed horizontally and therefore the heat transfer coefficient has two different values for the bottom
and top sides of the sample. In the 3D model, the following parameters, described in table 2, were used. Authors made
the assumption, that parameters are independent from the temperature.

Table 2. Values of thermal parameters used in the model

. 3 Thermal conductivity A, e Convective heat transfer
Density p, kg/m W/im-K Specific heat cw, J/kgK coefficient h, W/m2K
7850 441 475 251

3. Analytical 1D thermal models in frequency domain

A simple, 2D analytical model was implemented in MATLAB environment. Due to the symmetry of heat transfer along
Oz axis and relatively low value of the thickness comparing to other dimensions, the presented model was reduced into
1D one. The 3D FEM model, presented above, was used to validate the results of 1D simulations. In order to calculate
the temperature analytically, 1D thermal model in was defined in Laplace domain. The strip of 30 mm long was divided
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into 11 rectangular sectors. It was similarly as for numerical model, but instead of 10, now we use 11 sections — fig. 1.
The thickness ts of the strip was much lower than its length d and the magnetic field was uniformly distributed along the
strip width. In consequence 1-D thermal model was used in simulations. 1-D thermal model (5) in Laplace transform
domain includes convection cooling along the strip. Convection was modelled using heat transfer coefficient h; = h1 + h;
which was constant but different for both sides of the strip. The model takes a form [6]

deT a
/’LdXZ_ p'cs's+t7 =—Py

d’T T py, ©)

¢ L2 4

where p is material density, cs is specific heat, 4 is thermal conductivity coefficient, ts is thickness of a strip, pu is the
volumetric power density dissipated in each section, i=1..11. Symbol L denotes so-called diffusion length and it is a
complex value given by eqn. (6).
L(S) = ——m—=
pcs  h (6)
A A

where h is heat transfer coefficients h; = h; + hy,
The solution of egn. (5) for each section is analytical, expressed by eqgn. (7)

T.(s)=A(s)-e 48 ) o pé'f 7)
The input flux with convection coefficient h is defined as:
—l% Lo =—N"T, o (8)
where T, is the temperature if the first section — fig. 1. At the end of the strip, we neglect the cooling.
% e =0 (©)

where Ty; is the temperature if the last 11™ section — fig. 1.
The interface between the neighbor sections is described using the conditions of continuous temperature and heat flux —
eqgn. (10).

di | — dTn+1
dX x=dn— dX x=0+ .
T |x dn— n+1 |x:0+ ( )

Equations (9) and (10) constitute the set of 22 linear equations where Ajand B; (i=1..11) are the unknown integration
constants. Such set of linear equations can be presented as:

Y=Z=%X (11)

where the matrix Zzzx02 and Yixo take the form presented below.
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Matrix X consisting of unknown integration constants X = {A} can be calculated numerically by matrix inversion or by
i
using e.g. Gaussian elimination method.
X =Z1xY (12)
Finally, one can calculate temperature in any point in each section of the ferromagnetic strip.
For analytical modeling one divided the strip into 11 sections of the sizes presented in Table 3.
Table 3. Dimensions in m for all 11 sections a sample (in mm)

d1 dz d3 d4 d5 de d7 d8 d9 dlo dll
0.33 0.33 0.34 0.5 1 1 1 25 6 8 9

Inverse thermal model

The inverse thermal modeling was implemented in the way presented in fig. 2. First we measure the temperature
distribution on a strip during heating up process, after the powering of the sample by applying the magnetic flux into it.
The heating is non-uniform due to the deterioration of the edge of a material. Then the Laplace transform is applied to
present temperature in frequency domain. In parallel, the analytical model (5-12) is calculated. It gives directly the
Nyquist plot of temperature calculated in different points of a magnetic strip. Finally, the optimization is applied to adjust
the power P; in all sections in a strip to minimize the difference between the temperature from the model and
measurement in frequency domain for arbitrary chosen points on the strip.
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Fig. 2. Inverse thermal model of a ferromagnetic strip to get the power loss distribution

Thermal inverse modeling is implemented in Matlab® environment using in-built optimization methods. Two methods
were tested — patternsearch and fminsearch. Function fminsearch is based on Nelder-Mead algorithm (so called
downhill simplex method). It is one of the nonlinear unconstraint optimization technique used for the multivariable aim
functions. The simplex method searches a local minimum of this function and it is recommended when the derivatives
are not known and no constraints are needed [1, 2]. Patternsearch is known as direct-search, derivative-free or black
box method. This method is an heuristic one when no derivative of the function is known. In contrast to fminsearch
method, it can be implemented with the arbitrary defined bounds [3]. This method implements two directions of searching
an optimum: exploratory and pattern ones. The first approach improves the direction of the movement, while the second
one lengthen the moves as long as the improvement continues. After some trials, we decided to use patternsearch
method.

Results

Thermographic measurements and modeling were performed for 3-cm ferromagnetic strip divided into 10/11 sections
as it was mentioned above. The thermal images recorded for different moments in time are presented in fig. 3. One can
notice the temperature in the punched area at the edge (at the bottom) is slightly higher than elsewhere. In addition, fig. 3
presents the arbitrary points, the temperature values were taken from for the optimization. The exemplary temperature
variation in time obtained from the thermal model for the given power densities in all 11 sections of the strip is shown in
fig. 4. The curves plotted by dotted lines are the results of the measurement.
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Fig. 3. Thermograms of the ferromagnetic strip for different moments in time (a) and the points indicated and used for
optimization
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Fig. 4. Temperature change (in <C) during heating up (and cooling) with the values obtained from the thermal camera
measurement for different places on the strip

At the beginning we were trying to compare the temperature in the arbitrary chosen points to adjust the power density
distribution in the strip. It did not give the satisfactory results, that were already published the literature [1-6]. We were
trying the different sets of points located in different places on the strip. One could notice that it was rather difficult to find
the appropriate number and positions of such points. The results obtained were worse or better without any reasonable
conclusion. Finally, one decided to assume the shape of the power loss distribution in a sample. Among few
approximation candidates considered, the exponential one (13) allowed to get the best results.

Ae ' +B for x>0.001

T0=1 om (13)
Ae Y +B for x<0.001

The power density distribution in the punched ferromagnetic strip was obtained using the proposed approach as
presented in fig. 5. It agrees with the results published in the literature and obtained using other methods [1-3]. Figure 6
shows the screen of the program for optimization and calculating the model's parameters. First graph (on the left) shows
the Nyquist plot of the temperature while the second one presents in temperature vs. time after inverse Laplace
transformation. The model's parameters were set before starting the program. Thermal parameters and the distances
were known and the values of power densities were estimated according to the function (13). Finally, we plot the power
density distribution using both numerical and analytical modeling - fig. 5.
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Fig. 5. Power density distribution on a punched ferromagnetic strip calculated by analytical and numerical model
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Fig. 6. Screen of the program for optimization and estimation the power density distribution in the ferromagnetic strip

Conclusions

The authors dealt with the solution of the inverse problem, namely to find the distribution and the power density of the
heat sources, existing in the magnetically anisotropic strip subjected to the cutting process. During measurements, the
authors enforced relatively high flux density value, in order to obtain the same magnetic flux penetrating the material
portions lying close and far from the cut edge. Thus, in this way we induced non-uniform heating of the test strip. The
results obtained using the analytical method and FEM model are similar but not identical, what results from the need for
a uniform distribution of heat sources in the strip segment. The resulting ratio of the heat density of heat sources located
in close proximity to the edge, to the power density of heat sources in the remote parts of the strip is similar to the
measurement results reported in the literature. The main advantage of the analytical method is its rapidity, although the
authors are aware of the need to "tune" this model.
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