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The origin of iron losses in ferromagnetic materials is commented on, starting with the de�nition of heat.
The di�erent possible dissipative mechanisms inside a hysteresis curve, which originate heat, as well as
its relationship to the magnetic Barkhausen noise, are discussed in detail. The loss separation model is
better explained by using the concept of heat, especially to understand losses when eddy currents are
small (at very low frequencies).
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1. Introduction

Since the time of Fourier [1], heat has been dis-
cussed mathematically. The laws derived by Kirch-
ho� and Fick are analogous to Fourier's law of heat
transmission. Nowadays, heat is described essen-
tially as �jumping atoms.� In other words, heat is
explained as kinetic energy. Increasing temperature
manifests itself in an increasing �jumping frequency�
of atoms.

Atoms were a controversial subject in the XIX
century. It was only in the XX century, after
the study of the Brownian movement by Einstein,
Smoluchowski, and Perrin, that the concept of
atoms was widely accepted. This also in�uenced the
way heat was de�ned. As the de�nitions of heat in
the XIX century avoided mentioning the controver-
sial atoms, the concept of heat in the XIX century
was not very well formulated.

Here, the evolution of loss models over time is
discussed, starting with the earlier XIX-century
models of Heaviside [2] and J.J. Thomson [3]. As
the area of the hysteresis loop is heat, the con-
cept of atoms is important to understand the dif-
ferent dissipative processes that may happen in-
side the hysteresis cycle, as well as the loss sep-
aration. Epstein � the inventor of the Epstein
frame � used loss separation as early as 1907 [4].
Anomalous losses were discussed already in the
1930s by Legg, under the name �residual� instead
of �anomalous� [5]. The name �residual losses� per-
sists to this day for soft ferrites. Another rele-
vant development is Prigogine's principle of mini-
mum energy production. Thus, domain walls can

be understood as �dissipative structures� according
to Prigogine's theory [6]. As de�ned by Prigogine,
self-organization is possible without violating the
2nd law of thermodynamics. Domain walls are thus
interpreted as structures with self-organization.
In the present study, the di�erent possible dis-

sipative mechanisms inside a hysteresis curve (i.e.,
heat) are discussed in detail, as well as its relation-
ship with the magnetic Barkhausen noise (MBN),
including the mathematical relationship between
MBN and hysteresis.

2. The concept of heat

The area of the hysteresis loop is heat. Therefore,
a good knowledge of what heat is is relevant for
understanding losses. Here, the concept of heat will
be brie�y reviewed, with special attention paid to
historic developments.
The discussion about heat has a long history. It

can be traced back to Empedocles of Agrigento,
who correctly concluded the existence of air and
vacuum [7]. However, the de�nitions of Empedocles
about water, �re, and earth were incorrect. Only
after Lavoisier [8], it becomes clear that water is
H2O [9], and that �re is the result of combustion, a
reaction involving oxygen. And about the earth? It
seems that everything else was described by Empe-
docles as �earth.�
Evidently, in the Empedocles theory, atoms are

missing. Atoms were a controversial subject even at
the start of the XX century. The concept of atoms
by Demokritos was essentially mathematical: When
solving an integral f(x) =

∫
dx, dx can not be
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zero. Thus, dx should be �non-divisible� or �a-tom.�
This was important for the Archimedes exhaustion
method, and the modern version of it is named a
Riemann sum [10].
One of the most di�cult concepts in science is en-

ergy [11]. Energy is never absolute, it always needs
a reference. Energy always is a variation,∆E. Thus,
energy is not positive or negative. Instead of writing
E = mg d (m is the mass, g is the gravity accelera-
tion, d is the height), it is more accurate to express
∆E = mg∆d.
The XX century started with two equations [12],

i.e.,

E = kBT, (1)

E = hf, (2)

where T is the temperature, kB is the Boltzmann
constant, f is the frequency, and h is the Planck
constant. The Boltzmann constant �rst appeared in
the paper by Planck [13, 14]. In two simple expres-
sions, i.e., (1) and (2), one makes use of the Planck
constant, and another makes use of the Boltzmann
constant.
In (1), what is implicit is the concept of atoms.

According to (1), the temperature corresponds to
the energy. Atoms, however, were a subject of in-
tense discussion in the early XX century [15], and
Mach used to ask �did you see one?� Much later,
Binnig saw atoms [16].
As aforementioned, atoms were a very controver-

sial subject throughout the XIX century. It was only
in the XX century, after the study of the Brownian
movement by Einstein, Smoluchowski, and Perrin,
that the concept of atoms was widely accepted. This
fact turned out to have an impact on the de�nition
of heat. As the de�nitions of heat in the XIX century
avoided mentioning controversial atoms, the con-
cept of heat was not perfectly formulated. For ex-
ample, Maxwell's 1872 de�nition of heat [17] is ob-
solete because Maxwell avoided controversial atoms
at that time [18]. On the other hand, (1) translates
heat into �jumping atoms� (or oscillating atoms).
Maxwell equations were used long before atom the-
ory was accepted, for example by Heaviside to un-
derstand losses and the skin e�ect [19, 20].
From chemistry, the idea of an isomer indirectly

suggests the existence of atoms [21]. Maybe the �rst
indirect evidence of atoms is in the Fourier equa-
tion for heat. Fourier is cited by Fick [22], which
also cites Ohm [23]. Fourier profoundly in�uenced
physicists of the XX century, including Maxwell [24]
and Lord Kelvin [25]. Therefore, Ohm applied the
Fourier heat equation [23] to the di�usion of elec-
tricity in a conductor.
The Fick 1st law is given by

J = −D
∂C

∂x
(3)

for the one-dimensional case. Here, J is the �ux,
D is the di�usion coe�cient, and C is the concen-
tration; (3) is for the steady state.

The 2nd Fick law given by

∂C

∂t
=

∂

∂x

(
D
∂C

∂x

)
(4)

is valid when there is a variation of the concentra-
tion C with time. If D is independent of concentra-
tion, (4) becomes

∂C

∂t
= D

∂2C

∂x2
. (5)

The di�usion coe�cient D is given by

D = D0 exp

(
− Q

RT

)
, (6)

where D0 is the pre-exponential factor [26], Q
is the enthalpy variation, Rgas is the gas con-
stant, and T is temperature. There is a relation-
ship between Rgas and kB, given by Rgas = kBNA

(where NA is Avogadro's number). Thus, the en-
ergy barrier given by (1) appears in (6). The
same mathematics for solving heat problems can be
used for solving the problems of atom di�usion in
solids [27].
One of the last anti-atomists, Ostwald, surren-

dered to atom theory in 1908 [28]. Ostwald is fa-
mous in materials science due to the �Ostwald
Ripening� � the phenomenon responsible for pre-
cipitation hardening in aluminum alloys [29], a
method still used today for strengthening the wings
of airplanes [30]. Ostwald was the 1909 Nobel Prize
laureate in chemistry for catalysis [31], even with a
lack of perception of the actual origin of this phe-
nomenon.
Possibly the most relevant fact here are the

dates on which the papers were published: Ein-
stein, 1905 [32]; Smoluchowski, 1906 [33]; Perrin,
1910 [34]. This means that atoms were still debat-
able in 1908 [35]. Thus, other areas of science, such
as for example electrical engineering, neglected the
controversial atoms, especially until 1910.
Existence of atoms means the non-continuity of

matter. Matter can not be treated as a continuum if
atoms do exist. Besides, a complete revolution will
occur in 1914 [36], with the X-ray di�raction and
a series of implications. Then, the crystalline struc-
ture could be determined, and the atoms could be
approximated by a sphere (an ellipsoid, in fact) to
determine the crystalline structures. This is named
the �rigid sphere model� in which atoms are treated
as macroscopic spheres [37].
Then, after 1914, it becomes clear that �jump-

ing atoms� store energy or temperature in the crys-
talline structure, as given in (1). The higher the
jumping frequency, the higher the temperature.
Nevertheless, heating as the Joule e�ect P = RI2

was described much earlier, in 1840 (here P is
power, I is current, and R is resistance) [38].
Noise is sound. Sound is vibration. Thus, this dis-

cussion is also useful for understanding MBN �
the magnetic Barkhausen noise [39]. The noise indi-
cates dissipative processes, namely �jumping atoms�
(or oscillating atoms). In the analysis of MBN by
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Fig. 1. Ball-hill model for reversible and irre-
versible processes.

Stoner [40], there is no relationship between the
hysteresis curve and MBN [41]. Noise of transform-
ers [42] is an analogous phenomenon, indicating
that the loss of energy produces sound. As afore-
mentioned, noise is sound and sound is vibration.
As an example of the similarity between the

Fourier heat equation and electromagnetism, Lord
Kelvin's theory (1854) for the �telegraph equation�
was developed [25] in analogy with the Fourier heat
di�usion law. This is shown by

∂2V

∂x2
= RCp

∂V

∂t
. (7)

Here, V is the voltage, and Cp is the capacitance.
Heaviside introduced the electromagnetic induc-
tance term [43]; then (7) becomes

∂2V

∂x2
= RCp

∂V

∂t
+ LCp

∂2V

∂t2
, (8)

with L as the inductance. Materials scientists, in
contrast with electrical engineers, are typically in-
terested in concentration variation with time, as
in (5), which remains in modern use. Thus, equa-
tion (7), although very similar to (5), was written
di�erently. Nevertheless, the modern version of (7)
is (8), with the Heaviside inductance term.

3. Quasi-static losses

It is important to start by separating between ir-
reversible and reversible processes. There are both
types of domain wall movement: reversible and ir-
reversible. Also, there is domain rotation, both re-
versible and irreversible. Losses happen in irre-
versible processes.
Figure 1 uses the ball-hill analogy to illustrate the

reversible/irreversible process. If the ball goes to the
other side of the hill, then the process is irreversible.
Figure 2 illustrates reversibility/irreversibility us-
ing potential gravitational energy [44]. In Fig. 2,
if a block goes from (a) to (b) and then back to (a),
then the process is reversible. However, if the block
goes from (a) to (b) and then to (c), the process is
irreversible. Chen [45] also uses the ball-hill model
to describe the irreversible movement of the domain
wall.

Among the dissipative processes happening once
in each hysteresis cycle, resulting in the hystere-
sis losses component Ph, the following can be
listed [46]:

(i) Irreversible rotation of domains,

(ii) Irreversible domain wall displacement,

(iii) Creation and annihilation of domain walls,

(iv) Elimination of �90◦ closure domains� associ-
ated with magnetostrictive e�ects.

Microeddy currents surrounding domain walls
could generate losses when a domain wall moves
between di�erent pinning sites [47]. To avoid this
e�ect, Stewart [48] made the domain wall move very
slowly in a very low-frequency experiment. Even so,
losses did not become zero. The explanation was
given by Shockley in the discussion at the end of
the article [48]: �there will be certainly irreversible
energy losses due to the fracture of Néel spikes.�
Therefore, Shockley, in 1951, was already indicat-
ing another dissipative mechanism, not only heat-
ing by the Joule e�ect according to the basic for-
mula P = RI2 [49]. Therefore, the suggestion by
Becker [50], and especially by Graham [51], that
the only cause for losses are microeddys [51] has no
experimental basis. Besides, the noise is evidence
of the dissipative process. Sound means vibration.
Thus, �jumping atoms� (or oscillating atoms) are
behind the occurrence of transformer noise [52, 53].

4. History of loss separation

Every theory needs to be experimentally tested.
This was Lavoisier's way of ruling out the old theory
of phlogiston [54]. Also, calculations by Heaviside
appeared in order to explain experimental observa-
tions [55]. According to Russell (1904) [56], the eddy
current loss problem was �rst solved by Heaviside
(1884) for wires [2] and later by J.J. Thomson for
sheets (1892) [3]. In 1904, the classic loss expression

Pcl =
π2 f2 e2 B2

max

6ρ
(9)

could be found in textbooks such as that of Rus-
sell [56]. Here, B is the induction, f is the frequency,
e is the thickness, and ρ is the resistivity. Gra-
ham [51] could not �nd the original source of (9).
The separation between the eddy losses and the hys-
teresis losses Ph is mentioned not only in the 1904
book of Russell [56] but also by Morris (1906) [57]
and Epstein (1907) [4]. Thus, at the beginning of
the XX century, loss separation was commonplace.
The exact origin of the so-called �anomalous loss

component� (Pa) is less known. Instead of �anoma-
lous losses,� Legg in 1936 [5] uses the term �residual
losses� and �nds it by the di�erence Pt − Ph − Pcl,
identical to today's de�nition of anomalous losses.
Therefore,

Pa = Pt − Ph − Pcl. (10)
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Fig. 2. Illustration of a reversible and irreversible process. The points at the center of the blocks denote
the center of gravity. It should be noted that d1 > d2 > d3 and that all heights d are de�ned for the same
point of reference. (a) Metastable equilibrium, E = mg d2. (b) Unstable equilibrium, E = mg d1. (c) Stable
equilibrium, E = mg d3.

Fig. 3. Typical domain wall structure in GO
steels, displaying the 180◦ domain walls.

The name �residual losses� remains in use for MnZn
ferrites [58�62]. In (10), Pt is the total losses, and
Ph is the quasi-static losses, given by

Ph = f

∮
dH B. (11)

Actually, (9) neglects the skin e�ect, which can
be signi�cant at high frequencies or large thick-
nesses [63]. The �almost undecipherable papers� of
Heaviside [55] are among the �rst to address the
skin e�ect [43]. Equation (9) was deduced for con-
stant permeability, which is an assumption far from
reality.
Based on the Pry and Bean model [64], the

anomalous losses can be expressed by [65]

Pa =
k

n ρ

√
Gs f

3/2 e2 B2
max, (12)

and so Pa ∝ x/e, where x is the distance between
the domain walls; n is the number of domain walls,
n ∝ 1/x; and c = k/n (n is dimensionless) [65],
where k is experimental constant.
The dependence of anomalous losses as a func-

tion of frequency as f3/2 is explained by Haller�
Kramer [66, 67] and Sakaki [68], especially by ob-
serving the domain wall structures as a function
of frequency [69]. Thus, (12) is similar to (9) ex-
cept for frequency. The theoretical paper of Haller
and Kramer [67] does not mention loss separation

anywhere, but, in fact, makes use of loss separa-
tion by mixing energies due to eddy-current dissi-
pation and domain nucleation�annihilation dissipa-
tion. The dependence of Pa with the square of the
thickness has been observed experimentally [70, 71].
Equation (12) was con�rmed experimentally for a
series of alloys with di�erent resistivities by Hong
et al. [72].
In heavily deformed electrical steels, it was found

that the anomalous losses were near zero [73], but
the reported numbers were slightly negative, as
noted in [74]. After that, one of the authors of the
2012 study [73] � F.J.G. Landgraf � examined
those steel sheets with a micrometer and discovered
that the thickness values used in the calculations of
the 2012 paper [73] were slightly overestimated. Af-
ter this correction was done, the anomalous losses
were found to be zero! This result is in remark-
able agreement with (12): If Gs is small then Pa,
is near zero; or if n is high, then Pa is also near
zero.
Of fundamental relevance to the loss separation

model is the experimental observation that mag-
netic aging only a�ects the hysteresis losses (Ph)
but not the other part, related to Pa. Thus, Pt =
Pp+Pa+Ph, but the part Pp+Pa is a constant under
magnetic aging [49]. In 2006 [49], we were unaware
that this experimental observation was reported by
Epstein in 1907 [4] and by Beckley and Thompson in
1970 [75]. This result, namely that magnetic aging
only a�ects hysteresis losses Ph, has been con�rmed
in several other studies [76, 77].
Loss separation in grain-oriented electrical steels

has led to complex results [78], especially when
considering the transverse direction [79]. For typ-
ical non-oriented electrical steels, a slight im-
provement of texture decreases both the hys-
teresis losses Ph and the anomalous losses com-
ponents Pa. The complex results of Pluta [78]
can be understood by the analysis of the do-
main wall structure in the grain-oriented (GO)
electrical steels, see Fig. 3, which only displays

37



M.F. de Campos

TABLE IQuantitative e�ect of several variables on three loss components.

Variable Classical eddy Hysteresis Anomalous References

induction (B) B2
max B1.6−2.0

max B1.5−2.0
max still debatable

frequency (f) f2 f f3/2 [66], [67], [68]

resistivity (ρ) 1/ρ � 1/ρ [70]

thickness (e) e2 e2 [70], [71]

grain size (Gs) � 1/Gs

√
Gs [69]

TABLE IIQualitative e�ect of several factors on three loss components.

Increase or improvement Eddy current Hysteresis Anomalous References

Si or Al content [%] decreases decreases decreases [72]

better texture � decreases decreases [78], [79]

number of domain walls (n) � increases decreases [64]

plastic deformation (rolling) � increases decreases [73]

applied stress (compression) � increases increases [80], [82], [83], [84]

number of inclusions � increases (no e�ect) [4], [49],[75], [76], [77]

the 180◦ domain walls. Obviously, nucleation of do-
mains at 90◦ is required before any of the 90◦ do-
main wall movement, as discussed previously [79].
The domain wall displacement at 90◦ of the rolling
direction is very di�cult because, according to the
Kondorsky law, the H �eld change or the domain
wall displacement is given by H ∼ 1/ cos(θ), and
this gives an in�nite �eld for θ = 90◦. This entails
the need to form domains at 90◦ by rotation [79],
which results in a very strange �stepped� hysteresis
shape [80, 81].
The e�ect of stress � either compressive or ten-

sile � depends on the magnetostrictive character-
istics of the material. For grain-oriented electri-
cal steel, compressive stress in general increases
losses [80, 82], and this trend is also commonly
observed for non-oriented electrical steels [83, 84].
There is a relevant observation: If the number of
domain walls increases, then the pinning e�ect of
domain walls at the surface can increase hysteresis
losses [85], especially for very thin sheets.
Tables I and II summarize the predictions of the

loss separation model given by (9)�(12). Since the
model was presented in 2006 [69], it has resisted
many experimental tests. However, the induction
dependence for each Ph or Pa term is still a subject
of debate and deserves to be investigated in future
studies.
Electric vehicles have provoked an increasing de-

mand for steels with better properties, high resistiv-
ity, and small thickness [86�89], and the loss separa-
tion model can be useful for improving these materi-
als. The steel sheet thickness of the Tesla Model 3 is
0.25 mm [90]. It is di�cult to improve the mechan-
ical properties of such thin sheets. Then, a possi-
ble option for increasing both resistivity and me-
chanical properties is solid solution strengthening,
and high manganese steels provide such a possibil-
ity [91].

5. Conclusions

Analogies between Fourier's heat law, Fick's dif-
fusion law, and Ohm's law are discussed, with em-
phasis on historical developments. The concept of
heat became clear after Boltzmann's ideas were ac-
cepted, but this only happened in the XX century.
This paper gives an overview of how the con-

cept of heat evolved with time and why it is rel-
evant for understanding the loss separation model.
As �jumping atoms� (or oscillating atoms) are as-
sociated with heat, it becomes easier to understand
the dependence of the hysteresis losses term Ph on
the frequency f . The loss separation model was dis-
cussed in detail, emphasizing the practical applica-
tions.
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