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Mechanical spectroscopy measurements were performed in commercial grain oriented
silicon steel to study the outstanding features of modulus and damping spectrum. A
relation between the features of the damping and modulus behaviour with the grain
boundaries characteristics will be established. It should be pointed out that the elastic
modulus shows an anomalous step at around 800 K. The physical mechanism involved in
this process will be studied. A cooperative mechanism involving dislocations will be
proposed. Besides this, the magnetic characterization of the samples also will be
determined. C© 2000 Kluwer Academic Publishers

1. Introduction
The properties of magnetic materials depend on chem-
ical composition, manufacture, and heat treatment.
Some properties, such as saturation-magnetization,
change only slowly with chemical composition and
they are usually unaffected by manufacturing or heat
treatment. However, permeability, coercive force, and
hysteresis loss are highly sensitive and show ex-
treme changes among all the physical properties, when
changes are made in impurities or heat treatment [1].

FeSi alloys with low Si content have been largely
studied due to their soft magnetic properties [1], which
make these alloys of great interest from the technolog-
ical applications point of view, for example in large
electrical machines. These alloys present low values
for the coercivity giving rise to a reduction in energy
losses and high saturation magnetization, close to the
value for the pure Fe. Besides this, in grain oriented sili-
con steels, the improvements of magnetic properties are
related to improving the secondary recrystalization tex-
ture [2, 3]. In addition, the cost for the Fe based alloys
is much lower than other magnetic alloys with similar
soft magnetic properties as Co based compounds.

In the current work, the mechanical spectroscopy
behaviour in commercial grain oriented silicon steel
(GOSS) has been shown. Damping and modulus were
measured as a function of temperature from 500 to
1120 K. A study of damping against strain amplitude
was also carried out. The general features of the damp-
ing spectrum were determined. Furthermore, a possible
physical mechanism controlling the jump in the elastic
modulus will be proposed.

Magnetic and calorimetric measurements were also
carried out to complement the internal friction data.

2. Experimental procedure
Two different kinds of commercial grain oriented sil-
icon steel (GOSS) alloys, called S1 and S2, were
checked in the as-received state. As-received state
means that the samples were studied in the thermo-
mechanical state commercially provided, i.e. they are
ready for being employed in transformers. The orien-
tation of these samples was{110}〈100〉, cube on face,
cube on edge, which was checked by means of etch
pitting [4]. The chemical composition determined by
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TABLE I Sample composition in wt %, determined by chemical analysis

Si C Ni Mn S V Co Cr Mo P

S1 2.65 0.017 0.094 0.05 0.001 — — — — Low
S2 3.09 0.02 — 0.088 0.001 — — — — Low

TABLE I I Characteristic structure of the specimens S1 and S2 in the as-received thermomechanical state

Sample Structure characteristics Grain boundary characteristics Precipitates

S1 Few larger grains, about 10–15 mm Narrower than in sample S2, NITAL 5: particles of size 5µm
Grains of minor size watched watched with 2000X and 10X PIRCAL: particles watched with
with 2000X and 10X Incomplete 1600X. Precipitates of Fe3C with
secondary recrystallization size between 3 and 5µm at the

grain boundaries. Few inside of
the grains Narrow particles at
grain boundaries Holes in
inner part of the grains with
inclusions containing Al and Mg

S2 Larger grains about 10–15 mm, Wider than in sample S1, Any one
very few small grains without precipitates

TABLE I I I Mechanical and magnetic characteristic values for S1, S2.
The subscripts sp and stp are related to the solvent and solute damping
peaks respectively

Sample Tsp (K)/D(Tsp) Tstp (K)/D(Tstp) Tc (K) HV

S1 800/0.003 960/0.040 1043 194
S2 780/0.001 900/0.002 1025 197

chemical analysis is shown in Table I. The characteris-
tics of the checked samples are summarised in Table II.
In the table the thickness of the grain boundary was
compared qualitatively employing the same metallo-
graphical study for both samples. These results were
labelled as narrower or wider grain boundaries.

Curie temperature,TC, of samples was determined
by means of a magnetometer working at around
70 kA m−1.

The average value of Vickers micro-hardness (HV)
results, for each sample of Table I, considering an in-
denting matrix of 4× 10 points, is also written in Ta-
ble III.

Coercive force,Hc, of the samples was determined
from the magnetic induction,J, vs. applied magnetic
field, H , hysteresis loops. The measurements were per-
formed at room temperature using a conventional in-
duction system, with triangular wave excitation at five
different frequencies (0.125, 1.25, 12.5, 50 and 125 Hz).

The thermal evolution of the magnetization,M(T),
has been obtained for the two samples by means of
a Manics DSM-8 Faraday magnetometer, atH =
80 kA m−1. The temperature range used for these mea-
surements is between room temperature and 973 K,
which is the highest temperature limit for the used
device.

Mechanical spectroscopy measurements were car-
ried out employing an inverted torsion pendulum which
works at frequencies between 0.2 and 40 Hz, under
high vacuum of the order of 10−7 Torr in the sample
environment. The device is controlled by an automatic
data acquisition system based on a PCL 812 card [5, 6].
The maximum strain on the sample,εm, was less than
5× 10−5. The heating and cooling rates were of 1 de-

gree per minute. The damping,D, was measured with
an error less than 2% [7]. The measured damping val-
ues were amplitude dependent, but these values were
not corrected to the intrinsic damping [8], since the
measured shape of the damping spectra changes very
slowly and therefore it does not obstruct the subsequent
analysis.

However, amplitude dependent damping (ADD) ef-
fects were carefully checked as a function of temper-
ature. The freely decaying torsional amplitudesAn,
n = 0, 1, 2, . . . , N were measured at constant tem-
perature by means of a data acquisition system. The
temperature during this decaying was kept constant
with a stability of±0.2◦C. On a first step, polyno-
mials were fitted to the data ln(An) vs. n representing
the decaying oscillations. The damping as a function
of amplitude was determined by the first derivative of
the polynomial ln(An) againstn. The results were de-
picted as damping,D, against maximum strain on the
sample,εm. Best fits were obtained with polynomials
of degree≤ 3. The amplitude dependent damping de-
gree was determined through the slope ofD(εm) curves,
s= dD/dεm. This may be replaced in a restricted range
of εm by the mean valueS=1D/1εm [9]. It should
be pointed out, that the linearity of the oscillating am-
plified signal response during the decaying oscillations
was accurately checked. This linearity can be assured
up toA0/An= 10,000 ratios. In fact, this point is crucial
for an accurate checking of ADD effects.

Differential thermal analysis (DTA) studies were per-
formed in a SETARAM apparatus model TGDTA 92,
under argon purge with a heating rate of 20 degree per
minute.

3. Results and discussion
3.1. Magnetic measurements
Figs 1a and b show the hysteresis loops, (−1 kA m−1≤
Happ≤ 1 kA m−1) measured at 0.125, 12.5 and 125 Hz
for the samples S1 and S2, respectively. In all the cases
the samples seem to be saturated at 9 kA m−1 with
Js
∼= 2 T, at room temperature.
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Figure 1 Hysteresis loops corresponding to the samples S1 (a); and S2 (b), measured at 0.125, 12.5 and 125 Hz.

Figure 2 Evolution of the coercive force,Hc, with the excitation fre-
quency for the two samples studied.

An increase in the coercive force with frequency is
observed, meanwhile the saturation magnetization does
not vary. As a result of sample thickness, the magnetic
response of the material to the magnetic applied field is
not the same for all the frequencies, due to the difficulty
in the penetration of the magnetic field in the sample
when increasing the frequency.

The evolution ofHc with frequency, f , for the two
studied samples is shown in Fig. 2. Here, it is clearly
reflected that the most interesting sample is the S2 with
Hc < 20 A m−1 from the point of view of the magnetic
softness, and for applications using low frequencies,
meanwhile the value for theHc in the S1 sample is
around 40 A m−1. At higher frequencies of the applied
field, all the samples present an increase in the value of
Hc reaching values above 150 A m−1 for f = 50 Hz,
but for higher frequenciesHc tends to a saturation value
about 200 A m−1. For all the frequency ranges studied,
S1 sample has values above the ones for the S2 sample
which is clearly the softest one.

In Fig. 3, magnetization vs. temperature,T , curves
for the two samples together with the corresponding to
the pure Fe are represented. Due to the upper temper-
ature limit (973 K) of the magnetometer, Curie tem-
perature,Tc, of the samples could not be determined

Figure 3 Thermomagnetization curves,M(T), of the two samples com-
pared with the pure Fe curve, measured between room temperature and
973 K.

from these tests. Hence theM(T) curves seem to be
very similar to the pure Fe one and due to the high
Fe content in the samples (above 97.5 at %) the val-
ues for theTc of the samples will not differ more than
20 K from the ones corresponding to pure Fe (1043 K),
as is typical in these Fe-rich FeSi alloys [1]. The dif-
ferences in the value of the saturation magnetization
between the two samples are very small and close to
the pure Fe ones. TheseM values at room temperature
(around 200–210 A m2 kg−1) are always lower than
the value for Fe (∼=218 A m2 kg−1), as it could be ex-
pected. Moreover, due to the small amount of sample
used for the measurements (∼=2 mg), 1% of error in the
weight together with the own error of the experimental
device, e.g. the two samples have not been situated ex-
actly at the same position for the measurements, make
these differences in the value ofM negligible. However,
the relative changes in magnetization for the different
temperatures in each sample are not subjected to these
errors.

It is also noticeable that theM(T) curves are very
smooth in the temperature range of the measurements,
suggesting the non-occurrence of any changes in mag-
netic character of the samples or the appearance of new
magnetic phases during the heating.
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Figure 4 (a) Damping spectra for samples S1 (dashed line) and S2 (full line), during the heating; (b) Zoom of the damping spectra between the
temperature range 700–1000 K, for the samples S1 (dashed line) and S2 (full line).

3.2. Mechanical spectroscopy
measurements

Fig. 4a shows the mean damping behaviour as a func-
tion of temperature for samples S1 and S2 during the
heating, plotted by means of dashed and full lines re-
spectively. Fig. 4b shows a zoom of the temperature
range between 700 and 1000 K. The damping spectra
for both kinds of samples show the solvent damping
peak (SP) of the grain boundary relaxation at approx-
imately 780 and 800 K for the S2 and S1 samples,
respectively. The height of the SP is lower in the S2
sample than in S1 one, owing to the difference in grain
size between the samples. The peak temperatures of SP
for both samples agree with the values reported in liter-
ature [10, 11]. The peak temperatures,Tsp, and heights
of SP peaks for both samples were written in Table III.

The solute damping peak (STP) of the grain boundary
relaxation at higher temperatures than those of the SP
peak also appears for both kinds of samples. The STP
peak height is also lower in S2 than in S1, indicating that
S1 has a larger grain size and a more inhomogeneous
distribution of grain size than S2 (see Table II).

The peak temperature determination of a relaxation
peak overlapped on other peaks and also on the back-
ground, can only be made in an approximate mode.
Moreover, the decomposition of the spectra is not
unique [12]. However, we propose, that these damp-
ing values at SP and STP peak temperatures can be
employed as a testing parameter of the grain size and
its morphology.

The moduli behaviours for the samples S1 and S2 are
plotted in Fig. 5. The dotted line represents the modulus
behaviour during the cooling for a sample S1.

The modulus behaviour for S1 shows a practically
constant value up to 760 K followed by a jump towards
higher values during heating. Furthermore, from 870 K
the modulus decreases on increasing temperature. In
contrast, for sample S2 the modulus remains practi-
cally constant until 850 K and decreases on increasing
temperature, but the jump-up in the modulus does not
appear.

By watching carefully the jump in the modulus which
appears for S1, two hills can be observed on it. As

Figure 5 Moduli behaviour for the samples S1 (dashed line) and S2
(full line) during heating. Dotted lines represent the elastic modulus for
sample S1 during cooling after having reached the highest temperature
during the test.

it was already mentioned, the difference between the
microstructures of S1 and S2 leads to different damp-
ing spectra. In fact, the different moduli behaviours are
also produced by the differences in the microstructure.
S1 has an incomplete secondary recrystallization (Ta-
ble II), meanwhile this problem does not appear for S2.

The temperature of the jump in the modulus is closer
to the recrystallization temperature reported for GOSS,
Fe-Si based alloys and also for iron [2, 3, 13, 14].

It should be mentioned that the study of any phys-
ical phenomena by means of anelastic techniques in
this range of temperatures is very complicated due to
the overlapping of the following damping peaks: re-
crystallization; precipitation; grain boundaries and non-
homogeneous microstructure; i.e. an arrangement of
small grains bounded by larger grains [13–15]. How-
ever, an enough clear splitting of each effect could be
made in the present work.

The beginning of the modulus jump and the first hill
can be mainly related to the recrystallization process of
the incomplete secondary recrystallization. The second
hill, at higher temperatures, can be related to the appear-
ance of a precipitation process. In fact, the effects of the
fine precipitation or cluster formation is very important
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on the recrystallization rate [3]. Moreover, in deformed
Fe-Si alloys containing nitrogen, Si3N4 precipitates ap-
pear at the boundaries of the growing grains [13]. The
discussion on the precipitation process will be made in
a further work. The recrystallization mechanism associ-
ated to the jump in the S1 modulus is in agreement with
the behaviour of the S2 modulus. In fact, S2 samples
do not have an incomplete secondary recrystallization
and therefore, a jump in the modulus does not appear.

On the other hand, it must be pointed out that the
modulus shows a jump-down during the cooling after
the sample has reached 1120 K. This kind of behaviour
is opposite to the expected, and also reported on [13],
for the modulus evolution during recrystallization. Dur-
ing the heating, the jump-up appears by the appearance
of stresses by the growth of newly oriented strainfree
grains, but during the cooling a jump-down in the mod-
ulus is not expected since after the recrystallization tem-
perature, the recrystallized structure is already formed
by new strain-free grains.

The physical driving force which controls this re-
versible jump could be related to an interaction process
between the dislocations and obstacles as solutes or
small precipitates. Besides this, the dislocations at the
grain boundaries could be cooperating in the proposed
physical mechanism, as it will be discussed in the fol-
lowing paragraphs.

When the boundary moves, the solute atoms migrate
along with the boundary and exert a drag that reduces
the boundary velocity. The magnitude of the drag will
depend on the binding energy and on the concentra-
tion in the boundary [16]. During recrystallization, the
dislocations are absorbed by the boundary which sep-
arates it from the new grain, they are decomposed into
infinitesimal dislocations, diffuse rapidly and annihi-
late with similarly absorbed dislocations of the opposite
sign [17].

At temperatures lower than that of the recrystalliza-
tion, the mobilities of the grain boundaries and the dis-
locations are small. On the contrary, at the beginning
of the recrystallization, the grain boundary migration is
important. Moreover, the increase in temperature leads
also to an increase in the dislocations mobility.

The dragging of defects by dislocation can produce
an inverse modulus defect as it was demonstrated by
Simpson and Sosin [18]. Moreover, the appearance of
dragging processes at relatively higher temperatures
was recently reported by Lambriet al. [19].

The study of theSparameter as a function of temper-
ature gives an important information on the behaviour
of the dislocations in the structure, even if the ADD
degree is small [20]. Fig. 6 shows the behaviour of the
Sparameter against temperature for both kinds of sam-
ples. The ADD effects do not appear until temperatures
closer to the recrystallization one, around 800 K, for
sample S1. In contrast, for S2 the temperature where
the ADD effects appear, coincides with the tempera-
ture at the beginning of the modulus decrease, about
850 K. In other words, theS values are different from
zero at lower temperatures for S1 than for S2, in agree-
ment with the hypothesis above proposed. In fact, in
the S1 samples the beginning of the recrystallization

Figure 6 S= 1D/1εm parameter against temperature for samples S1
and S2.

enhances the dislocation mobility, earlier than for S2
samples that have a complete secondary recrystalliza-
tion. The beginning of the ADD effects is related to the
capacity of dislocations to overcome the weak obsta-
cles. In ADD measurements the dislocations are only
forced to overcome the weak obstacles, and not the
strong ones [21–23]. In this process the increase of en-
ergy of the dislocation line by thermal agitation is very
important, as it was pointed out by Friedel [17].

TheSvalues equal to zero until temperatures closer
to the recrystallization one and also to the beginning of
the decrease of the modulus on increasing temperature,
could be related to the existence of internal stresses
which give rise to a dislocation pinning. At higher tem-
peratures the lattice recovery and the increase in the
thermal energy of dislocations lines allow the disloca-
tions to overcome the barriers and then they can move.
In fact, internal stresses produced by the manufactur-
ing process can remain despite the recrystallization, as
it was pointed out by Andersonet al. for Fe-Mn-Si al-
loys [24].

The S parameter is negative within the temperature
ranges between the recrystallization and the Curie tran-
sition. At temperatures higher than the Curie point,S
increases towards positive values. This negative depen-
dence of the ADD is related to magnetostrictive effects.
Meanwhile, the positive dependence in the paramag-
netic zone could be related to the micro yield behaviour
of dislocation lines.

The internal friction is expressed as1E/2πE, where
E is the vibration energy and1E is the energy con-
sumed per cycle. When the vibrational stress is acting,
the vibration energy is proportional to the square of
the amplitude, and the consumed energy corresponds
to the hysteresis loss caused by irreversibility [25]. The
characterization of mechanical spectroscopy spectrum
in ferromagnetic alloys is complicated, since both the
dislocation and grain boundary structures, and mag-
netic processes contribute to the total damping and
modulus values [26]. The damping in ferromagnetic
alloy is caused by the irreversibility of magnetization.
A rearrangement, such as the movement of the domain
walls, occurs due to the reverse effect of magnetostric-
tion [25]. Therefore, this increase in the vibrational
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energy produced by the coercive force leads to the de-
crease in the damping on increasing strain showed in
Fig. 6 within the ferromagnetic range.

In contrast, the magnetization vectors of the individ-
ual domains in the paramagnetic range are randomly
oriented and consequently, the cyclic stress introduces
only a cyclic elastic strain without a cyclic magne-
tostrictive strain component, giving rise to a positive
dependence of ADD owing to the thermal assisted break
away of dislocations.

Considering again the behaviour of the elastic modu-
lus (Fig. 5) for temperatures higher than 850 K for both
kinds of samples, the moduli decrease on increasing
the temperature. These temperatures, where a normal
dependence of the elastic modulus as a function of the
temperature is reestablished, agree with the results re-
ported by Matsuo [3], for the recovery temperature of
the lattice strain. Therefore, when a larger quantity of
stresses on the lattice has relaxed a normal dependence
of the modulus is reestablished.

3.3. DTA measurements
The effect of the incomplete secondary recrystallization
can be analysed from the DTA measurement performed,
during the first heating, for the S1 sample; Fig. 7. As
it can be seen in the figure, the change in the base line
related to the Curie point appears. The Curie point is
in agreement with the one obtained by means of mag-
netic measurements and the reported values [1]. Be-
sides this, it seems that another peak appears at around
850 K, but it is difficult to determine. The evolution
of this peak in the different run-ups in temperature is
even more complicated and unclear. The lack of resolu-
tion in the thermograms for determining the incomplete
secondary recrystallizaton evolution, could be related
to the small signal expected from this phenomenon if
compared with the signal emitted by the whole ma-
trix [27].

In short, the mechanical spectroscopy, considering
also amplitude dependent damping must be taken as a
very suitable technique for studying the evolution of
these small processes related to the incomplete sec-
ondary recrystallization in GOSS, which cannot be ap-
preciated by calorimetric or magnetic measurements.

Figure 7 DTA thermogram of a sample S1 for the first run-up in tem-
perature.

4. Conclusions
Mechanical spectroscopy and amplitude dependent
damping measurements resulted to be quite suitable
for studying the recrystallization evolution in GOSS.
Moreover, this technique was more appropriate than
the differential thermal analysis.

A contribution of the dislocations for controlling the
anomalous jump in the elastic modulus which appears
in samples with incomplete secondary recrystallization
was proposed.

The outstanding features of the damping and the
modulus spectra might be employed as the character-
ization parameters of the microstructural state and its
evolution during thermomechanical treatments.
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