N
N

N

HAL

open science

Loss decomposition in plastically deformed and partially
annealed steel sheets

F.J.G. Landgraf, C. Ragusa, D. Luiz Rodrigues, M Botani de Souza Dias,

Olivier de La Barriere, F Mazaleyrat, F. Fiorillo, C. Appino, L. Martino

» To cite this version:

F.J.G. Landgraf, C. Ragusa, D. Luiz Rodrigues, M Botani de Souza Dias, Olivier de La Barriéere, et al..
Loss decomposition in plastically deformed and partially annealed steel sheets. Journal of Magnetism

and Magnetic Materials, 2020, 502, pp.166452. 10.1016/j.jmmm.2020.166452 . hal-03000534

HAL Id: hal-03000534
https://hal.science/hal-03000534

Submitted on 12 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03000534
https://hal.archives-ouvertes.fr

Loss decomposition in plastically deformed and partially
annealed steel sheets

F.J. G. Landgraf?, C. Ragusa?, D. Luiz Rodrigues, Jr!, M. Botani de Souza Dias?, O. de la Barriére3,
F. Mazaleyrat?, F. Fiorillo*, C. Appino*, L. Martino*

1USP, S&o Paulo, SP, Brazil
2Department of Energy, Politecnico di Torino, Torino 10129, Italy
3Laboratoire SATIE, CNRS - ENS Cachan, F-94230 Cachan, France
4Advanced Materials Metrology and Life Science Division, INRiM, Torino, Italy

There is an increasing interest in the optimization of non-oriented electrical steels for applications under excitation frequencies above 400 Hz.
This paper discusses the possibility of a new manufacturing procedure where skin-pass and subsequent heat treatment for recovery are applied
as the two last stages of sheet processing. Samples from a commercial non-oriented 3% silicon steel were submitted to a 2.5% thickness reduction
and heat treated at temperatures ranging between 600 and 850 °C for 2 hours. It is shown that, although the hysteresis loss increases with plastic
deformation, the excess loss decreases in such a way that under increasing magnetizing frequencies the total energy loss of the deformed and
recovered sample becomes lower than in the starting material. The higher the annealing temperature the lower the frequency at which crossover
of the loss curves occur, as long as full recrystallization does not occur. It is assumed that with the dislocation structures left in the deformed and
partially recovered samples one achieves a condition of increased fragmentation of the magnetization process, that is, increased number of
concurring correlation regions (Magnetic Objects). The corresponding decrease of the excess loss component can eventually overcompensate for
the deterioration of the quasi-static magnetic properties and lead to lower total losses. .

Index Terms—NO steel sheets, plastic straining, annealing, loss separation

I. INTRODUCTION

E-mobility is placing new demands for electrical steels suitable for automotive applications. Consequently, electrical steels
manufacturers have introduced some grades specially tailored for e-mobility, whose power losses are specified at 400 Hz and
higher frequencies [1] [2]. The main trend is to offer steels with smaller thickness, smaller grain size, and high silicon content.
This paper addresses the possibilities of a different approach, which consists in applying, as a final stage of electrical steel
processing, a slight plastic deformation by cold rolling, followed by either partial or full recovery by annealing.

It is well known that the dislocations introduced by plastic deformation, increase coercivity and hysteresis loss [3 - 6], but it is
less acknowledged that they can decrease significantly the excess loss [7]. As the hysteresis energy loss does not depend, in the
absence of skin effect, on the frequency f and the excess energy loss increases as f ¥, it is expected that, above a certain frequency,
plastically deformed samples could have lower total loss W(f) [7, 8]. A recovery heat treatment, in which the dislocations
introduced by plastic straining are reduced, but not fully eliminated, as it would happen with recrystallization, may reduce the
hysteresis loss without increasing significantly the excess loss. Consequently, a frequency fo can be found, at which a crossover of
the W(f) curves of the unstrained sheets and the deformed and heat-treated ones occurs. At the same time, part of the mechanical
strength induced by plastic deformation might be preserved by partial recovery [9].

We will show in the following how the energy loss and its frequency dependence upon plastic deformation and subsequent
recovery can be assessed by the decomposition principle and, in particular, by identification of the competing effects of dislocations
on hysteresis and excess losses.

Il. PREPARATION OF SAMPLES AND EXPERIMENTAL CHARACTERIZATION

A. Samples

An Fe-(3wt%)Si non-oriented (NO) sheet (thickness 0.505 mm, resistivity p = 50.0-10® Qm, average grain size <s> = 91 pm,
density & = 7630 kg/cm?®) provided by APERAM Brazil, was investigated. A 300 mm wide strip was subjected to 2.5% reduction
by cold rolling, down to thickness d = 0.492 mm. Epstein strips (300 x 30mm) were cut before and after plastic deformation. The
cold-rolled strips were then annealed for two hours at five different temperatures, ranging between 600 °C and 850 °C, under
vacuum atmosphere. The average grain size was measured after each treatment by optical metallography. As shown in Table I, the
grain size was only slightly affected by annealing up to 800 °C, whereas abnormal grain growth was observed in the strips treated
at 850 °C. This behavior, is understood in the light of the recrystallization behavior of a sheet with rather large initial grain size
that has undergone a small deformation (skin pass).

TABLE |

SAMPLE PARAMETERS
Annealing temperature Ta | Thickness Average grain size <s>
(G (mm) (um)

Sample




1 BASE material - 0.505 91

2 COLD rolled - 0.492

3 600

‘ COLD roled 100 042 o
5 + 2 hour annealing 800 102 100
7 850 ) 1840

One of the laws of recrystallization states that the deformation controls the size of the recrystallized grains [11, 12], so that the
lighter the deformation, the larger the recrystallized grain size. The smaller the deformation, less recrystallization nuclei are created,
leading to large recrystallized grains, but longer times or higher temperatures are needed for the process to be completed. Due to
the same phenomenon, large grain sizes are observed at the edges of cut laminations after “stress relief treatment”. This should not
be confused with the conventional grain growth, as defined in the metallurgical literature. Grain growth delivers straight grain
boundaries, whereas large grain sizes obtained by recrystallization always have wavy grain boundaries, as is the case in the present
850°C annealed samples.

The thermodynamic potential for recrystallization is the energy associated with the mechanical stresses around the dislocations
created by the plastic deformation. The samples heat treated below 800 °C have dislocation structures that partly survived the
recovery process. The higher the temperature, the higher the mobility of dislocations and the easier their re-organization and
annihilation processes. It has been shown that the recovery process has a stronger effect on the magnetic properties than on the
mechanical ones. The magnetic losses are then expected to have a relative decrease larger than the one suffered by the yield strength
[11].

B. Experimental setup for loss measurements

The cut and treated NO Fe-Si samples were magnetically characterized from 2 Hz to 500 Hz by means of a single-strip tester,
based on the use of a permeameter, where the strip sample is inserted between the pole faces of a double-C yoke, made of strip-
wound grain-oriented (GO) laminations. The adopted measuring arrangement, shown in Fig. 1, is described in detail in [13].

The measurement of the magnetic field is performed by means of an H-coil wound on a thin (~ 1 mm) glass former, whose
turn-area is determined by placing it in a reference solenoid and measuring the flux variation induced by a known current step [14].
The H-coil signal is amplified by low noise preamplifiers (SR560 from Stanford Research Systems). The 30 mm long H-coil,
placed flat at center of the strip, is surrounded by the secondary coil. A digital feedback control system [15] is implemented,
ensuring sinusoidal induction B(t) at all measuring peak values B,. The energy loss is then obtained by computing the area of the
hysteresis loop. To note that in the investigated B, range, induction and polarization coincide B(t) = J(t).

A uniformly wound magnetizing solenoid covers the distance L, = 190 mm between the pole faces of the soft magnetic yoke,
which, having a square cross-sectional area much larger than that of the sample, ensure good flux closure and negligible additional
magnetomotive force.

I11. RESULTS AND DISCUSSION

A. Loss separation and analysis

1) Energy loss versus frequency

The energy loss was measured, up to 500 Hz, at different B, values (0.5 T, 1.0 T, and 1.5 T) in all the samples listed in Table
I. Fig. 2 shows the frequency dependence of the total magnetic loss at B, = 1.5T for samples subjected to 2.5% reduction by cold
rolling, followed by a set of annealing treatments (2 hours) at temperatures T, ranging between 600 °C and 850 °C. The loss
measured in the undeformed sample (Sample 1) is reported as a reference.
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A progressive decrease of the energy loss at very low frequencies is observed under increasing annealing temperature. The
lower limit is actually exhibited by the as-received undeformed sample (Sample 1), except for the sample annealed at 850°C
(Sample 7), which has undergone full recrystallization and is endowed with a very large final grain size. These two samples,
however, exhibit a higher rate of increase of W(f) with frequency, if compared with the cold-rolled and partially recovered
materials. A crossover of the W(f) curve of the undeformed material with the curves of the cold-rolled samples eventually occurs,
at a frequency f, progressively decreasing with increasing degree of recovery. We obtain, for example, that f, ~ 370 Hz for the
deformed sample (Sample 2) and fo ~ 50 Hz for the sample annealed at 800 °C (Sample 6). To note, however, that W(f) is always
lower in the recrystallized sample (Sample 7) than in the starting material (Sample 1).

It is concluded that conditions of partial recovery, like the ones obtained in Sample 4 (T, = 700 °C), can lead to the lowest
W(f) value in the upper frequency range, beyond about 100 Hz. As discussed below, this advantage comes from the decrease of
the excess loss component Wexc(f), which overcomes the increase of the hysteresis loss Whysi(f) with respect to the starting material
(Sample 1). This effect is observed at all the investigated By, values, with the crossover moving to somewhat higher frequencies at
lower inductions.

GO yoke
:L,=290 mm

v

L=190 mm

Exéiting coil

& A 24
GO -yoke

Fig. 1. The single-strip permeameter (adapted from [13]). The Epstein strip
sample is endowed with a centrally located H-coil, enwrapped by a secondary
B-coil.
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Fig. 2. Energy loss W(f) versus frequency at B,=1.5T in NO Fe-(3 wt%)Si
sheets, 2.5 % reduced by cold rolling and subjected to annealing at
temperatures ranging between 600 °C and 850 °C. Competition between
increase of hysteresis loss and decrease of excess loss leads to crossover of the
W(f) curves of the treated materials (except the recrystallized Sample 7) with
respect to the W(f) curve of the untreated reference material (Sample 1). The
crossover frequency fy is a decreasing function of the annealing temperature
T,, that is, of the degree of recovery. Sample 4 (T, = 700 °C) exhibits the lowest
loss figure beyond about 100 Hz.
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2) Loss separation

Hysteresis loss: The hysteresis loss Whyst(Bp) is obtained, for each peak induction and each sample, by extrapolating the
measured loss to zero frequency. The extrapolation procedure is discussed in detail in [16]. Fig. 3 shows the behavior of Whyst(Bp)
for the whole series of samples. By increasing the temperature of isochronal annealing, Whysi(Bp) decreases in a monotonical
fashion, to finally approach, for T, = 800 °C, the quasi-static loss figure of the untreated sample 1. Quite smaller loss figure is
eventually attained upon annealing at 850 °C and the ensuing abnormal grain growth by recrystallization. The large increase of
Whyst(Bp) (i.€. of the coercive field He, as observed in Fig. 4) for the 2.5 % reduction is consistent with the generally observed sharp
increase of strain hardening in polycrystalline iron at low deformation values, where the work-hardening rate is the highest [17].
Stage | and |1 of plastic deformation are involved, where single dislocations and groups of dislocations interact through their stress
field with the domain walls. Tight dislocation tangles and cells, acting as subgrains, are very unlikely to occur for a deformation
of the order of 2.5% [18].

Classical loss: The loss separation is performed here under the assumption of negligible skin effect. In this case, the classical
loss component is obtained versus By and f by the standard equation

W, (8. 1)=Z s B o)
clas( p’ )_ 6 s p

where d is the thickness of the lamination and o is the material conductivity. Weias, 5 % decreased upon cold-rolling, is the same in
all the deformed and heat treated samples. The assumption of uniform induction must be dropped at sufficiently high frequencies
[10], where the skin effect cannot be disregarded. In particular, Eqg. (1) tends to overestimate Weias, at low B, values (e.g., at By =
0.5 T and 1.0 T in the present case), while the opposite occurs at high inductions [19]. In such a case, analytical methods can only
provide a rough estimate of Wes in a real non-linear hysteretic material. We shall not deal here with such a problem and we will
only identify the upper frequency limit for the confident use of Eq. (1).
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Fig. 3. Hysteresis loss Wiy as a function of the peak induction By in the
investigated samples. Recovery proceeds from sample 2 to 6 (T, = 800 °C),
where it is nearly completed, while the final annealing at T, = 850 °C brings
about recrystallization and further drop of Why.
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Fig. 4. Hysteresis cycles measured at the frequency f=2Hz and peak
induction B,=1.5T. The shape of the curves reflects not only the role of
domain wall pinning by the dislocations, but also the magnetoelastic
interaction of the magnetization with the random residual stresses, which can
favor the alignment of the magnetization along easy axes far from the direction
of the applied field.

Excess loss: The excess loss Weyc is experimentally obtained by subtracting the sum of classical and hysteresis components to
the measured loss W
W, (B, f)=W(B,f)-W (B, f)-W (B)- (2)

exc p

It is predicted by the Statistical Theory of Losses (STL) [10], which identifies a correlation length for the local magnetization
reversals and an associated correlation region, defined as “Magnetic Object” (MO), whose threshold field for reversal is statistically
distributed in the sample cross-section. The full formulation for Wex: under sinusoidal induction is expressed as [16]

exc

W (B, f)=2nVB

oo [ gsasv A )
XOL 1+ v “prpcos_[—lJcos_[dj
. n

o o

where G = 0.1356 and the parameters of the model are the products no S and V, S. n is the number of MOs simultaneously reversing
their magnetization within the cross-sectional area S under quasi-static excitation and V, is related to the statistical distribution of
the local threshold fields [10]. Both n, and V, depend on By, [16]. Eq. (3) predicts a (Vo?f ) dependence at frequencies such that
the guantity 16aGSBpf/n§V0 >> 1, a condition generally fulfilled above a few Hz in NO steel sheets [16]. The experimental
dependence of Weyx. on f 2, obtained applying Eq. (2) for B,= 1.5 T and using Eq. (1) for Weas, is shown for all samples in Fig. 5
(symbols). The results are in excellent agreement with the behavior predicted by Eq. (3) (dashed lines) up to a frequency of the
order of 300 — 400 Hz, depending on the treatment sustained by the sample. The divergence between calculated and predicted
Wexc(f) in the upper frequency range are signaling the advent of skin effect, with Eg. (1) falling short of a correct description of
Weis. Remarkably, Fig. 5 shows that the excess loss is the smallest in the deformed sample and increases upon recovery, to
eventually approach the behavior displayed by the undeformed sample. Similar conclusions can be made analyzing the Wexc(f)
curves at lower B, values. We have therefore to deal with an opposite response to cold rolling and recovery annealing by the
structure-dependent static and dynamic loss components. The increase of the short-range and long-range fluctuations of the
magnetoelastic energy upon cold working has the obvious effect of increasing coercive field Hc and hysteresis 10ss Whyst, with the
reverse occurring when smoothing out such fluctuations by the recovery treatment. But, according to the STL, Wex will depend
on the range of the threshold (coercive) fields spanned in activating the MOs, with V, the involved parameter. To simplify the
matter, we can assume a uniform distribution of such fields up to Hemaxand write Vo = Hemaxd/N, if N is the total number of MOs
in the sample cross-section. The balance between Hcmax and N will determine the evolution of Vo, that is, of Wex.. Looking then at
the results shown in Fig. 6, we conclude that the increase of N outweighs the role of Hcmax in the cold-worked sheet, resulting in a
decrease of Wex by the decrease of Vo. The residual short range stresses of alternating signs are expected to engender the
fragmentation of the correlation regions, by randomizing the directions of the
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Fig. 5. Excess loss W as a function of the square root of frequency for peak
induction By=1.5 T. The symbols show We, calculated by Eq. (2), with Whys
obtained by extrapolating W(f) to f — 0 and W, given by Eg. (1). The
dashed lines are predicted by Eq. (3).
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Fig. 6. Excess loss parameter Vo(Bp)-S and its evolution upon cold rolling
and the recovery treatment.

occupied easy axes. This effect is attenuated, but it is
preserved on the thermally treated samples.

B. Barkhausen noise analysis

The Barkhausen noise power spectrum S(f) of the induced signal has been measured in samples 1, 2, and 3 making use of a
spectrum analyzer, as described in [20]. The experiments have been performed by exciting the strip between + 1.3 T at the very
low frequency f = 10 mHz. A triangular induction waveform was imposed and the noise was analyzed in the frequency interval

[10 Hz - 100 kHz]. The obtained spectra are shown in Fig. 7. It is noted the crossover of the spectral density curves following the
cold-rolling treatment.

The theory accounts for the clustering effect of the elementary magnetization reversals and predicts the following expression
for the power spectrum [20]

1 1 4

1+(Ug/27r)2/f21+f2(27rpz'0)2 Q)

S(f)=4d-AdD,

where & and A®, are the controlled macroscopic flux rate and the flux variation associated with a Barkhausen jump cluster,
respectively. vg is the average number of clusters per unit time and pto is the average duration of a cluster, being p and 1o the
average number of elementary Barkhausen pulses in a cluster and 1o their mean time separation.

The spectra S(f) in Fig. 7, interpreted through Eqg. (4), show how the clustering is affected by the plastic deformation. This
equation shows in fact that S(f) is decreased at low frequencies, because the average size of the clusters A®, is decreased, implying
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an increase of their number in unit time vg. This is consistent with the previously stated fragmentation of the correlation regions
brought about by cold working. According to Eq. (4), the spectral density at high frequencies (f >> 1/27tpTo) can be written as
S(f):4(j).+.£.i2, 5)
4z°ptg 0 f

putting in evidence its 1/f 2 behavior and its dependence on the amplitude of the elementary Barkhausen jumps A®. The high-
frequency portion of the spectrum reflects the fine structure of the noise, that is, the elementary jumps and their sequence in the
avalanche. Higher coercivities translate into larger elementary magnetization transitions. The high-frequency portion of S(f) is
therefore consistent with the evolution of Whys.
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Fig. 7. The Barkhausen noise power spectrum S(f), with f the spectral
frequency, is taken at constant induction rate dB/dt = 5.2-10" T/s between +
1.3 T. S(f) responds to plastic deformation by a decrease at low frequencies
and an increase at high frequencies.

IVV. CONCLUSIONS

Non-oriented Fe-Si sheets cold-reduced by a few percent, exhibit energy losses decreased with respect to the starting material
at intermediate frequencies when subjected to a heat treatment leading to partial recovery. The final improvement of the material
occurs because a condition can be reached where the detrimental effect on the hysteresis loss component is overcompensated by
the decrease of the excess loss component, ensuing from a fragmentation of the process of reversal of the magnetization. This
phenomenon is conveniently and quantitatively assessed by the Statistical Theory of Losses and the related concept of correlation
regions, which highlight the cooperative mechanism of the magnetization process.
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