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Abstract: ODF — Orientation Distribution Function — typically overestimates the average result forlstd&enin et
Theory allow the prediction of the average magnetial [1] recently suggested performing measuremerd$ aof
properties of electrical steels when crystallinensyetry of RD as a method to reduce the discrepancy.

cubic bcc iron and the orthorhombic sheet symmatey The objective of this paper is to show there i®thtcal
taken into account. The crystallographic texturen ¢se  basis for the suggestions by Penin et al [1]. Thisbtained
related to the magnetocrystalline anisotropy by meeaf a by means of the ODF (Orientation Distribution Fum}
very simple expression. The dependence of the blasa [8].

Magnetic Induction, coercivity, permeability andrirlosses As consequence of crystalline symmetry (bcc irobicu
with texture is discussed. Magnetic Induction ghhfields -  symmetry) and orthorhombic sheet symmetry, an essioa
B,s and By - can be directly scaled to magnetocrystallineof the type A = (A(0°)+A(90°)+2A(45")/4 — where A is an
anisotropy. Effects of demagnetizing field on thagvietic  arbitrary variable - can describe, at least ast firs
Induction are commented. Permeability and powesdss approximation, the average physical properties citesl
are not directly related to magnetocrystalline aimty, sheet. Better results are obtained f8f atder properties,
mainly due the existence of domain wall displacemenwhich can be described by the three first ODF coiefits
phenomena. The domain wall structure is functionthef [8,9]. This is, for example, the case of,B(Magnetic
crystalline orientation and also contributes far #nisotropy Induction for a field H= 5000 A/m), which - in a mo
of iron losses. As consequence of the theoreticalyais, it plastically deformed steel — can be considered cire
is suggested that the traditional Epstein arranger®0%  function of K;, the magnetocrystalline anisotropy constant.
RD-Rolling Direction plus 50% TD-Transverse Directj,  The possibility of using this model for describiagisotropy
be changed for 3 separate measurements in the BRI, €,  of power losses and permeability is also discussed.

90°) and 48 directions.

Keywords: electrical steels, anisotropy, magnetic induction,2. THEORY FOR ANISOTROPY
permeability, energy losses.
A physical property (for example, mechanical or
1. INTRODUCTION magnetic) can be described by the three first ODF
coefficients since it is a™4order property [8,9], according

Non-oriented electrical steels are silicon alloysdels equation (1):
employed in rotating machines, and ideally shoutit n
present anisotropy. A=A+ A;cos (28) + Ay cos (4D) 1)
However, the commercial non-oriented electricaklste
typically present significant anisotropy of magneti ~ Where the averageA, — can be experimentally found by
properties [1,2]. This is due to the microstrucfuaad the equation (2). The other constants of equationALandA;
main reason is that the Goss texture componenf) (DDQ]  are experimentally, respectively, with equationsa(d (4)
is one of the most important texture components in

recrystallized bcc iron [3,4]. The presence of Gimsglies 1 0 0 o

in better magnetic properties at rolling directiofi the Ao ‘Z[A(O )+ AQO) +2LA@A5 )] @)

sheets, and worse magnetic properties at®®f.the rolling 1 . .

direction [5]. A :E[A(O )—A©0 )] )
Standards like the North-American ASTM A 343 [6] or 1

Brazilian NBR 5161 [7] specify for the Epstein tehat A, :Z[A(0°)+A(900)—2DA(45°)] 4)

50% of the sheets are from rolling direction (RP0OY and
50% are from transverse direction (TD, of)90

As consequence of presence of Goss component, the
arrangement used in Epstein test (50%RD+50%TD)



2.1. Magnetic Anisotropy

The magnetocrystalline anisotropy energy €an be
written as function of the anisotropy constants K,, as
shown in equation (5):

Ea=Ko + K; (@’ @™ )’ @+ @’ w?)+K; (i’ w’wy’) (5)

The equations (functions (6) and (7)) present cubi
symmetry.

(6)
@)

& (W= W’ + W’ + w'w’
&(W = w’ W

f

For the sheet plan@=90". p%(®) (9=0,2,4,6 and =4,6)

are the normalized associated Legendre functigns [8

The contribution of K in the equation (13) can be
considered negligible. Kis one order of magnitude lower
than K [10].

If the possible contribution of Kcan be neglected, then
the magnetic induction B is directly proportiona FE,
90°,4), and this procedure was adopted by several asithor
11,12]. Thus, & can be written as function of only co 2
and cos B, (see equation 1).

Then, (emphasizing that this is only valid for tata of
the magnetization of domains) the induction B (ibatirect
function of the anisotropy energy ) can be written by the
equation (16), which is a modification of equat{dd) with

The equations (6) and (7) are related to sphericzﬂ):900

harmonics in the following way [8]:

=L@, ®)
, 5
(@)= 1 k(a)) 1 k'j(a))+i 9)
231 n, 55 n, 105

with n; = 0.64636 andgr 0.359601 (see Bunge [8])

Equation (5) can be rewritten (not taking into acto
the term related to &
+
sl

It is assumed sample with orthorhombic symmetre¢sh

K2
55

ki (@)

4

ks(@) K,
n, 231

E(w) = (10)

symmetry), the expression (13). The surface spéleric
harmonics are given, for this symmetry:
) 1 _
k!=——=—=PR(® (11)
= R R@
K =—— R (@) os@(v ~1) () (12)
NG
then expression (10) becomes:
K, K
E(®, F, (P,
(@,B) = on f[ } (P, B)
1 K,
+ ®, (13)
1an, f231 (Fe(®, B)

with the 4" order texture expressed as (equation (14)):

F(®,B) = ICHP (®) + C2P? () cos23

+C;’P(®) cos4p (24)

and @" order texture parameter given by:
F (P, B) = C“P (P) +CPR(P) cos2p

NEA

+CPP4(d) cos4B + CHPS(d) cose B (15)

B(B) = a+b[-1.091[T;" +1.6266C,’ [tosRL)

- 2.1516[C;’ [tos@p)] (16)

According this simple model, the experimental
measurement for only two directions is sufficiemt finding
the constanta andb of equation (16).

It is relevant to add that the deduction that lesals
equations (14) and (16) show the validity of equat{l),
which applies for % order properties [8]. Equation (1)
indicates that with the measurement f8r 46° and 90 we
obtain the average properties, and this can be ased
approximation even for higher order (aboV® groperties.

2.2. Graphic Representation

|\~ "4-fold

270

Isotropic
—— "2-fold" property
—— "4-fold" property

Fig. 1. Graphic representation of the terms of thequation A = A, + A;
cos(2 B) +A;cos(4 P, seealso Table 1.

Equation (1) can be graphically represented, as
suggested by Bunge [9,13], see figure 1. In thelél dbwe

can see the correspondence between Eq. (1) an¢l&y.



Fig. 1 is useful to understand the relationshimeen ODF depend on theshapeof the crystal. In other words, the
coefficients and physical properties. Bunge [9,88]]s “2-  direction —and value — of the Magnetization will foaction
fold” a property that varies according cd3 2nd “4 fold” a  of the demagnetizing field, which only can be known
property that varies according cd3, 4ee Fig.1 and Table 1. exactly if the shape of the crystal is ellipsoid.
The <100>, <110> e <111> directions are particular
Table 1. Relation between ODF coefficients and tersnof expression cases, where (due to symmetry) the resultant magtien

A=Ac+Aicos(2p +Ascos(4 B vector has the same direction of the applied f[&ld,18].
AP = Ao +Aicos (PB) | +Arcos (B) For these cases, the magnetizatiorHimlirection isg, Ms
constant “2-fold” “4-fold” cosy, resultingm = M/Ms= J/Js
11 12 13
~C4 ~C4 ~C4

i) <100> direction

3 EVALUATION OF PHYSICAL PROPERTIES for infinitesimal H saturation is already attained.
The previous section discussed how a simplified ehod iy <110> direction
(equation 1) can be used to estimate and represent

anisotropy (magnetocrystalline anisotropy, in [gaiar). iii) <111> direction
The purpose of the following sections is discussinthis "~ (Ky/ 33s) [(2 - 20)¥2 (4nf -1) + m (714 -3)]

simple model is valid for describing several diffier + (Ko 183s) [m (23th- 16n7 +1) - (2 - 2nd)*2 (10nf-9n?-+1)]
properties like Magnetic Induction, permeabilitydaimon (20)

losses. . “The equations that describe the magnetization ctowe
In other words, can these properties (Magnetigectors and 2 vectors regions are [19,20]:
Induction, permeability and iron losses) be scated

H = (4K, / Js) m [i8 - (1/2)] (19)

magnetocrystalline anisotropy energy? 3 vectors Regian
3.1. Angular dependence of Magnetic I nduction M =8 Muy (H)/ (Us+ s+ Uy (21)
It has been experimentally shown [14,15] that Maigne Ha = (U + Us+ U H [ 13 (22)

Inductions By (for H=5000 A/m) or Bs (for H=2500 A/m)
can be scaled to the Anisotropy Energy (Eq. 5). &,
other details were not taken into account [14,Hshong
them mainly those due to demagnetizing fields. Aramo
rigorous deduction of the dependence of Magnetitdtion
with crystalline orientation will be presented hist section.
This is the Theory of Magnetization of single cayst also
known as Neél phase Theory [16], which also istatally
complete, because only takes into account domaatioa,
neglecting the existence of domain walls. The Ne#&se
theory is as follows:

whereuv, U,, U3 are direction cosines of the applied field.
The magnetization curve remains in the 3 vectogsore
until two of the magnetization vectors become cogtawith
Ha.

2 vectors Region:

Defining thet and@angles as:

The energy corresponding to the applied field HEg. V2w, = cost coscpf s_in ¢ (23a)
17): V2 uy = COST COSQF sin @ (23b)
w3 = SiNT COSQY (23c)
En=-JsHcosy (or Ey=- iy MsHcosy)  (17) where w, @ and ay are cosines of magnetization

vector to easy axis, see Eq. (5), we get:
where E is energy, H is applied field, Js the poédion

of saturation, Ms the magnetization of de saturatib, SinT =03 [2/(2-01-0)H]Y? (24)

M. ¢ is the angle between magnetization and applied

magnetic field. COSZ = (U1+U2) (COST/ \/2) +U3 sint (25)
The torque due to the magnetic field H acting oe th

sample (Eq. 17) is opposed by the torque due to the M2 vectors) = MS (cosp/ cos()  (26)

magnetocrystalline anisotropy (Equation 5), resgliin Eq.

(18). Now, using equation (5), with the anglea @ w;

defined above, and makin@E / 0@)s = O, it is obtained:
inw = 9Ea 18

JiH sing = dy (18) Ha Js (sinp/ cosl) =
with M=cos ¢ Ms andm = M/Ms = J/Js = cosy. - (K4/2) sin 2p[sin’p (1+cogT) -2 sirft + coge (4 sirfg- coe-

The solution of Equation (18) is not simple. Theinma S°S@)1+ L
difficulty is the exi('qstence (of )three diffe?ent vect: + (Ko/4) Sirft sin 2p[cosp (1+cosT) - 1] [3 cosg (1+ cody) -1]

Magnetization, Applied Field, and the easy axis tioé (27)
crystal. The direction of the magnetization vectsill



Equation (27) gives the value of varialgeEq. (27) is In fact, there is an “error compensation” in stsle¢ets.
solved trying different values @f until the solution is found As mentioned above, Nzl for sheets, following that
(trial and error). The value found fap is placed in the Magnetization (B) and Applied Field (H) are in tekame
equation (26) to get the magnetization in the 2tomsc plane, the plane of the sheet. If we add all théwBere

region. B=poH+ J) vectors of all grains we get an average value
The direction of the vector "sum of all B of allagms" is
Table .2. Planes of bcc iron cqnsidered_for ce_alcuiam near that of the applied field H.
Plane Convoent|0n of directions Some other complications also increase the ditfjcaf
0 90 this problem: each grain has different geometry ,and
(100) [100 [01Q besides, as already mentioned, each grain intewdttsthe
(310) [100] [0§1] neighbors. If all these complications have to besatered,
(110) 100 (017 only approximate solutions are possible. But, ftegrs that,
as a I approximation, the effect of demagnetizing fielthc
(211) (111 [011] be neglected in sheets.
(111) [211 [011] . An_other S|mpI|f|_cat|0n is neglecting _the _eX|stenoé
omains and domain walls [22], but for high fie(@ss and

Bsg), this assumption can be used.

Summarizing, Magnetic Induction can be scaled to
magnetocrystalline anisotropy in high fieldss{Bind Bs),
but this is an approximation where effects of denediging
field and existence of domain walls were neglected.

B,, as function of the angle

3.2. Angular dependence of permeability

B (M

Permeability depends, approximately, on the inverag
to coercivity (1 0 1/Hc), and this relation is especially valid
for the case of initial permeability (H0). For very small
applied field, which is the case of initial permiigh
12 . L L L L L L L domain wall displacement is more relevant [23]. Righer

0 10 20 30 40 50 60 70 80 90 . . N .
fields, domain rotation tends to dominate.
As permeability is result of both competing meckars
Fig. 2. Magnetic Induction Bs, for several planes see Table 2 for  (domain rotation and domain wall movement), it isryw
convention code Calculations done for pure iron, B=2.16 T, K =4.8 difficult to be modeled. However, coercivity Hc cdre
10* I/md, ' B
modeled, and the results used to interpret the langu

Fig. 2 shows the result of application of the mod. dependenqe of the permeability. The angular depemdef

coercivity is also very useful to understand theyudar

(18) to (27) for several crystalline planes of iron ) . .
The general formula for the demagnetizing field isdependenc_e o_f|r0n _Iosse_s, subject ofthe_ne ct
Coercivity itself is quite complex: it is described a

Nx+Ny+Nz=1. In the case of a sheet, or flat platee .
dimension of thickness is very small compared wtik sum .Of several _factors [.24]' C_oncernl_ng the effect
inclusions, no anisotropy is predicted since thare® of

others. Thus we may admit Nz=1, where z is in tihection . o i )
of thickness, following that Nx=Ny=0. The overal increase of coercivity is the magnetostatic enarggociated
’ Y=o with inclusions [25], which is an isotropic effect.

demagnetizing field is, then, almost null, for afigection in However the effect of arain size mav lead to sever
the plane of the sheet (plane xy). This has importa anisotl\'lz)p\;/ ’The 1/Gs fagctolr erreseZts a kindv of
implication: we may suppose that the Magnetizatibithe “frequency”. each time that a new grain boundatye t

grains inside the sheet is in the same plane oflieet, as . .
well as the Applied Field. We may also suppose that reversal process has to happen again. Thus, tlaiequhat
relates coercive field and grain size Gs is:

directions of both vectors: applied field and mégpaion
are very near. This means that many predictionghisf

(211) (110)

Angle (degrees)

simple model (Eq. (18) to (27) apply for sheets. AHc =(toMs)* (c Ky +d g) (1/Gs) (28)
However, we also have to remember that for

polycrystalline materials there is interaction betw wherey; is the domain wall energy. The dimensionless

neighbor grains, and this, no doubt, is sourcerafravhen ~andd are to be experimentally determined. Decreasiagngr

comparing results from the model to real materials. size, the ratioc/d increases, because domain rotation

In particular, magnetic flux tends to pass throegisy becomes more important for small grain size. Thandd
axis of grains, and this implies that i) flux mageviate” variables also have angular dependence, as it lbll
inside the material ii) the H for each grain cardifierent of ~ discussed below. The concept of “stable nucleus, a
applied H, i.e., grains with easy axis in favoraptesition introduced by Doring [26] could be used to estimtite
may have H > applied H (and vice-versa). This wagnagnitude ofl.
discussed by Lawton and Stewart [21].



The angular dependence df (the case of resistance
is given by the

against domain wall displacement)
Kondorsky law (Eq. 29), wherg is the angle between H,
the applied field, and the direction of the magradton
vector of the domain:

1 (29)
cosg

H.(¢) =

The angular dependence af is quite complicated.
Nevertheless, the deduction below shows it is edlab
magnetocrystalline anisotropy. This discussion
illustrates the complexity of this question.

The formulation of a Stoner-Wohlfarth model for @b
crystals is not simple. Solutions are found fortipatar
situations. The example that will be shown is fof180}
plane, which is simple to be studied. In this afar case,
two of the crystal easy axis, applied field and Ketigation
lie on the same plane (see Fig. Jhis case is called
“biaxial anisotropy” [27].

[001]

» [010]
h

Fig. 3. Relationship between anglesa and 6, applied field H,
magnetization and saturation Ms and easy axis in &ubic crystal.
Biaxial anisotropy is the particular case where 2 &sy axis, Ms, H lie on
the same plane (100)

h, =5 cos 8-6 sen 8 (34b)

Equations (34a and 34b) allow to obtain, paramestyic
h (6 see Fig. 4
The magnetization M is zero when M=Ms cas-(0 )
=0, i.e., &t - 8) =1v2. The magnetization is, thus, 0 for
H, = 2K, serdd (35)
LM 4
The equation (35) gives the dependence 8¢n higher
7

als@ngles, i.e.”l<g< . Thus, for a plane (100), in the case
8 4

of coherent rotation (Stoner-Wohlfarth model), dores
(34a and 34b) apply for the range @< 178, while equation
(35) applies for the rang@8 < 0< 174.

104 e=m
0.5 0 =14
6=1m2
0,0
054
6 =3m4

-1,04 0=0

1‘0 *0‘,5 0,0 0:5 1‘0

Fig. 4. Critical field for reversal of magnetizatin as function of angled
(case of irreversible rotation) “Wind Rose”, calcuated according
equations 34a and 34b

Summarizing, there is a “competition” between damai
wall displacement and rotation. Both mechanismsttogr

Equations (30) to (35) are the result of the Stonerdetermine the He. For lowdr angles, the moving of domain

Wohlfarth model for the particular case of Fig.@i§ the
angle between H and easy axis &nis the angle between
Ms and the easy axis). It can be seen thatq(=¢ ).

E :%senz (26) - u,M H cosg - 6) (30)
%:%sen@lﬂ)—yoMsH sen@ —6) (31)
d’E _ 32
= 2K, cos@f) + u,M H cos@ - 6) (32)

de?

After simplifying Eqg. 30 with the relationgs Ms H =h ; h;
=h sena ; h;=h cosa:

E= %ser? (26) - h, send - h, cosd (33)

the critical field for magnetization reversal isufal for
dE/d8=0, FE/d&’ =0:

h;,=5 serf -6 cos & (34a)

walls is more relevant (the 1/cgslaw). For higher angles,
with applied field H far from the easy axis, rotatibecomes
more important.

As consequence of the existence of both contribatio
rotation and domain wall movement - coercivity aaldo
permeability are not direct functions of the
magnetocrystalline anisotropy.

3.3. Angular dependence of theiron losses

According the Loss Separation Model [17, 28], th&lt
losses ar®= Pp+P+P,, whereP, is hysteresis losseBy,
is classicalP,, is anomalousP; is the area of the hysteresis
curve times the frequendy

P=f jﬁBdH (36)

The area of hysteresis curve can be approximatadeas
4 B He, especially if the hysteresis curve has reatkang
shape. This implies that, for a rectangular loop, B
directly proportional to Hc.

P, =4fB, H. (37)
The eddy lossesP, are given by the “classical”



expression [29], Eq. (38), for sinusoidal waveform:
77 17B2, €

max

60

wheree is thickness ang is resistivity The anomalous
componentP,, is found by the differenc®,=P+-Py-Py .,
and can be estimated with the E.q (3) [30,31]:

P, =a, [Gs'? O @ (B2, [T *2
J?)

P (38)

cl

(39)

Pry and Bean model [32] predicts tiRat, /7 D/e, whereD
is the distance between domain walls. &/ 1/D, Eq. 3
can be modified to:

P,=a, BEBBS”Z %@2 B2, %2

whereas= a4/n (nis non-dimensional)

(40)

In fact, n varies according the plane and direction. Thus

the distance between domain wallg) (changes with
crystalline orientation and this generates an amipy that
is not related to magnetocrystalline anisotropy.

It has been proposed [33,34] that even iron lossedd
be scaled to Eqg. (1). But, as can be seen from(F&q.and
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