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ABSTRACT

The magnetic response, coercive force and magnetic induction, in Fe-10at.% Si, Fe-6at.% Al-9at.% Si and
Fe-4at.% Al-8at.% Ge alloys as a function of the annealing temperature was determined and correlated to the
microstructural state. The microstructural characterization was made through differential thermal analysis,
mechanical spectroscopy and neutron thermodiffraction studies. It has been determined that the increase in
the order degree and the decrease in the mobility of structural defects lead to a deterioration of the magnetic
quality of the alloys above detailed.
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1. INTRODUCTION

Fe-based alloys are often used as magnetic cores, which has a particular importance in energy conversion and
transport, high frequency applications, magnetic recording, choke, inductors, etc. [1-4]. The study of the
magnetic properties and its optimization plays a crucial role in the electric industry. In fact, it is know that
order and recovery has a strong influence on the magnetic properties [1-3]. However, despite the spread
technological use of magnetic alloys there is scarce bibliography about the relation between microstructure
and magnetic behaviour.

In the present work, differential thermal analysis, mechanical spectroscopy and neutron
thermodiffraction studies were performed to reveal the state of the microstructure. These studies were related
to the characteristic parameters for describing the hysteresis loops; as coercive force and maximum induction
reached at a given fixed field. The magnetic quality of the material is explained on the basis of the mobility
of the domain walls controlled by the interaction with defects. Indeed, the great importance of the first part of
the magnetization process before reaching the saturation elbow, which is utilized as working point in
electrical machines, is well known [3,4]. Therefore, the study of the mobility of the domain walls controlled
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by the microstructure arises as a critical technological issue [3,4].

2. MATERIALS AND METHODS

Studied samples were polycrystals both commercial and laboratory prepared, of compositions: Fe-10at.% Si
Fe-6at.% Al-9at.% Si and Fe-4at.% Al-8at.% Ge. Fe-10at.% Si were commercial samples provided by NKK
Corp. Samples were homogenized at 1323 K during 1 hour under high vacuum and quenched in room
temperature (RT) water.

Microstructure was analyzed by means of differential thermal analysis (DTA), mechanical
spectroscopy (MS) and Neutron thermodiffraction (ND) studies.

DTA measurements were performed in a conventional differential calorimeter assembled at the
Laboratory with stainless steel crucibles under pure Argon atmosphere at normal pressure. The heating rate
was 5°/minute and it was controlled by a Lake Shore DRC-91C device.

Mechanical spectroscopy measurements were performed in an inverted torsion pendulum at
frequencies close to 1 Hz in free decaying vibrations [5]. Measurements have been performed under vacuum
(about 10 Pa). The employed samples were bars of rectangular section (1 mmx2.2 mmx20 mm). The
maximum strain on the surface of the sample was 5% 10°. Damping (Q™) and square frequency (which is
proportional to the shear modulus), were measured with an error less than 2%. The measurements were
carried out during subsequent heating and cooling runs on the same specimen. A heating and its cooling run
is hereafter called a thermal cycle. The heating rate was 1.5 K/min.

Neutron powder diffraction studies were performed at D20 and D1B installations in the Institute Laue-
Langevin (ILL), Grenoble, France. In situ experiments at D20 were performed during heating from RT up to
1050 K and from RT up to 1300 K, for Iron Silicon and Fe-Al-Ge alloys, respectively. Measurements were
performed under high vacuum (102 Pa). The neutron wavelength was A = 1.3A. The heating rate was
4 K/min. In addition, neutron thermodiffraction studies for Fe-Al-Si were performed at D1B. The used
neutron wavelength was A = 1.28 A. Spectra were obtained under high vacuum (102 Pa) from RT up to
1173 K. The heating rate was 3 K/min.

Magnetic cycles were recorded at RT in a Laboratory assembled automatic loop tracer. Magnetic field
was generated by a 3000 winding coil connected to an analogical wave generator Protek B-801 and a digital
oscilloscope Rigol DS1052E used for data acquisition. The average of 5 cycles was considered for each
measurement. Samples for magnetic loops were thermally treated step by step by increasing the temperature
in 50 K, starting from RT up to 1123 K, under high vacuum. The heating rate was of 1.5 K/min and the
cooling was without furnace under high vacuum.

3 RESULTS AND DISCUSSION

3.1 Differential thermal analysis

Figure 1 shows the DTA thermogram measured in an as-quenched Fe-10at.% Si sample (blue circles), from
where three exothermic reactions at around 560 K, 640 K and 800 K can be observed. In addition, the change
in base line related to the Curie temperature can be also observed to appear at around 973 K. The first
exothermic reaction at around 550 K was already related to increase in the degree of B2 order reached by the
quenching process [6].

In addition, the exothermic peaks at around 640 K and 800 K were already related to the recovery of
vacancies and the recovery of the structure, respectively. In fact, at around 600 K in high purity iron the total
recovery of the excess of vacancies out of the equilibrium has been determined from positron annihilation
spectroscopy [7-9]. Besides, a temperature of 800 K is in agreement with the temperature of recovery and
recrystallization for iron [10,11].

The thermogram for an as-quenched Fe-6at.% Al-9at.% Si sample (red squares) is also shown in
Figure 1. It can be observed a clear exothermic reaction at around 650 K and subsequently at higher
temperatures the change in baseline related to the Curie temperature at around 980 K appears. At the same
temperature the D0; — hcc transition develops, according to phase diagram [12,13].

The thermal reaction at lower temperature can be related to both the increase of the D03 order after the
quenching process, in agreement with previous works [14], and to the recovery of vacancies [7-9]. In fact,
the reaction peak is wide enough for involving a superposition of reaction processes.

The thermal behaviour for Fe-4at.% Al-8at.% Ge is shown in Figure 1 by means of green triangles. It
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can be seen a wide exothermic peak (two stage peak) between around 500 K and 673 K which can be related
to the recovery of quenched-in-vacancies, in agreement with the Fe-10at.% Si and Fe-6at.% Al-9at.% Si
alloys and previous works [7-9]. The peak at higher temperatures of around 850 K, which can be observed
partially from 700 K onwards, can be related to the recovery and recrystallization of the structure [10,11].
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Figure 1: DTA thermograms for Fe-10at% Si (blue circles), Fe-6at.% Al-9at.% Si (red squares), Fe-4at.% Al-8at.% Ge
(green triangles). Not all measured points are shown for clarity.

3.2 Neutron thermodiffraction

Neutron thermodiffraction studies performed in the Fe-10at.% Si samples, determined that the as-quenched
sample has an ordered B2 structure and during its warming the alloy exhibits the B2 — bcc transformation at
973 K; according to the phase diagram [6], see Figure 2. In addition, during the cooling the B2 order restores
at the same temperature. Moreover, the order degree after a warming to 1050 K has increased, Figure 2

[6]. DO; structure has never been observed from neutron patterns [6].

3000 p—r—r—T—T—T—T—TT T
I As Quenched
| ---— 1170 K
|----+--- After slow cooling .
2500 |- ’ (100 ]

2000

1500

Intensity (Arbitrary Units)

A . - . wWiN /A N SN A A
N A W L A A W M RO

25° 30°
20 (degree)

Figure 2: Neutron diffraction patterns for three different temperatures for Fe-10at.% Si.

Neutron thermodiffraction studies in as-quenched Fe-6at.% Al-9at.% Si sample, determined the
appearance of DO; order at room temperature. Above 983 K, the order disappears, as shown by the
disappearance of the (1 1 1) and (2 0 0) reflections related to the D05 structure, Figure 3 [12,15]. In addition,
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during the cooling, after a previous heating up to 1150 K, the order is restored approximately at the same
temperature (983 K) [12].

T —— ———r—

As quenched
-=-= 983K

400

(111)  (200)

300

200

Intensity (Arbitrary Units)

100 f

o b A N
_-\.~-'-r._.\\.f‘.l", LIaV R

A !
.

Y
N e Ui

0 [ P R T T [N TR N TN W T N T N N NN TN SN TR TR NN RN N T 1
15° 20° 25° 30° 35° 40°
26 (degree)

Figure 3: Neutron diffraction patterns for Fe-6at.% Al-9at.% Si at different temperatures.

Neutron thermodiffraction studies for Fe-4at.% Al-8at.% Ge have shown that this alloy is disordered
in o phase in the whole explored temperature range, between room temperature and 1300 K, see Figure 4.
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Figure 4: Neutron thermodiffraction pattern for Fe-4at.% Al-8at.% Ge.

3.3 Mechanical spectroscopy

In order to determine the effects of the microstructural changes above described on the mechanical
behaviour, mechanical spectroscopy studies were performed. Figure 5 show the damping and modulus
behaviour measured during warming as a function of temperature during successive thermal cycles
performed up to different maximum temperatures for Fe-10at.% Si. All spectra show the characteristic grain
boundary relaxation peak (GB), around 800 K [6,16]. The peak temperature of the maximum related to GB
moves towards higher temperatures during the cycles up to 973 K. In the second heating the shift is very
small, being larger during the third run up in temperature. In contrast, when the sample was previously
measured up to 1050 K, the peak temperature of the maximum during the heating run is shifted towards
smaller temperatures (black diamond). Besides this, the peak temperature is very close to the initial peak
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temperature corresponding to the as-quenched sample. Nevertheless, the damping spectrum changes strongly
when the sample was thermally treated up to 1273 K [6,17].
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Figure 5: Damping (Q™), full symbols, and normalized shear modulus (G(T)/G(RT)), empty symbols, as a function of
temperature for Fe-10at.% Si alloy. Blue circles, as-quenched sample; red squares, after heating to 973 K; green triangles,
after two heating to 973 K; black diamonds, after heating to 1050 K; orange inverted triangles, after a heating to 1273 K.
Only some measured points where plotted for clarity.

During the recovery of the structure above 800 K, some dislocations move to the grain boundaries
reducing their mobility, leading to the small increase of the 800 K peak temperature in the second warming
run, red squares in Figure 5. In fact, the increase of the order degree after reaching 973 K produces an
increase of internal stresses generated by the reorganization of defects in the ordered B2 phase. In particular
dislocation must move in pairs towards the grain boundary where they are locked, reducing the grain
boundary mobility [6]. In addition, the increase in the modulus values shown in Figure 5 for the second and
subsequent warming runs is in agreement with the recovery process and with the assumption of an increase
of internal stress developed by the dissociation of superdislocations in the B2 superlattice obtained during
cooling.

During heating up to 1050 K the sample transforms according to the phase diagram. The B2 phase
transforms to a bee at 973 K and for higher temperatures the sample is disordered and the super dislocations
disappear. Then, the structure can recover quenched-in-defects, which were retained in the ordered B2
superlattice. This effect leads to shift the peak temperature of GB towards smaller temperature. Besides, a
thermal treatment at temperatures above 1273 K removes more quenched-in-dislocations associated to grain
boundaries thus improving the mobility of grain boundaries and consequently increasing the GB peak height.
The large modulus increases in the second heating run for the sample slow cooled from 1273 K agrees with a
better reorganization of the dislocation structure.

The behaviour of the modulus as the function of temperature is shown through the behaviour of the
ratio G(T)/G(RT), where G(RT) is the shear modulus at room temperature, as a function of temperature. The
first increase in the modulus between 400 K and 500 K can be related to an interaction process between point
defects and dislocations.

Figure 6 shows the damping spectra measured up to 1130 K (left axis) for a Fe-6at.% Al-9at.% Si
sample for two subsequent thermal cycles. The damping change between 700 K and 1000 K is small
(Q* ~ 2x107% but the damping increases strongly up to values Q* of about 110x10°° for higher
temperatures. During the subsequent cooling run a damping peak develops. A thermal hysteresis in the
damping of about 100 K appears in the temperature interval 850 — 1050 K. Besides, the elastic modulus (ratio
G(T)/G(RT)) exhibited a hysteretic behaviour in the same temperature range, see right axis in Figure 6. The
modulus values during the cooling runs were smaller than during the heating runs.

As it was already pointed out in Ref. [12] the Fe-6at.% Al-9at.% Si sample is D05 ordered at room
temperature, Figure 3. However, at temperatures close to 983 K, the DO0; structure changes to bcc in
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agreement with the ternary phase diagram [13]. This temperature is close to the one where the damping starts
to increase strongly (980 K). Moreover, the temperature where the strong increase in the damping appears
does not shift towards higher temperatures when the vibration frequency is increased. This kind of behaviour
is the usual one for a phase transition process [19], in agreement with the neutron diffraction results and
phase diagram. As in previous studied cases, after the DOz — bcc transition, the order degree is reduced and
then the mobility of dislocations and grain boundaries is enhanced, leading to a recovery of the
microstructure. Consequently, again the GB relaxation peak appears during the cooling process. The
temperature of this peak is also close to the solute peak for iron [6,11,12].
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Figure 6: Damping (Q™), full symbols, and normalized shear modulus (G(T)/G(RT)), empty symbols, as a function of
temperature. Blue triangles, heating first thermal cycle; inverted light blue triangles, cooling first thermal cycle; red cir-
cles, heating second thermal cycle; orange squares, cooling second thermal cycle. Inset shows a zoom of low temperature
spectra.

Returning to the influence of the thermal cycles on the mechanical spectroscopy response, it can be
seen that, the thermal cycles lead to an increase in the damping values in the temperature interval from room
temperature up to around 700 K, see Figure 6. It indicates that some recovery of the microstructure has taken
place, due to the increase in the magneto-mechanical damping contribution.

Besides this, the damping and the modulus curves during the subsequent thermal cycles up to 1130 K
are not modified. Moreover, by increasing the final temperature of the thermal cycles up to 1200 K does not
modify the damping and modulus behaviours.

Figure 7 shows the behaviour of both the damping and modulus as a function of temperature for a Fe-
4at.% Al-8at.% Ge alloy. As it can be seen from the Figure during the first run up in temperature the
damping slightly decreases up to around 620 K, followed by an increase in the damping values from 620 K
onwards. Moreover, the GB peak can be observed at around 800 K. In addition, the modulus exhibit firstly an
increase from around 400 K up to around 600 K, followed by a decrease as the temperature increases. The
decrease in damping values and the increase in the modulus up to a temperature of around 600 K is similar to
the exhibited by Fe-10at.% Si and it can be related to the pinning of dislocations for point defects. However,
the decrease in the damping values between 400 K and around 600 K can take a contribution from the
magneto-mechanical contribution.

During the second warming in the second thermal cycle the damping values in the temperature range
between 400 K and around 650 K increase, exhibiting the appearance of a damping peak at around 570 K
which can be related to the interaction of defects with dislocations. Moreover, the height of the grain
boundary peak has increased as a consequence of the recovery of the structure over 873 K (see Figure 1). The
recovery of the microstructure remove quenched-in-defects and -dislocations located at the grain boundaries
and then the mobility of GB is increase giving rise to the increase in the GB peak height. In addition, after the
development of the recovery, the reorganization of the microstructure is revealed by the more monotonously
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decrease of the modulus values as the temperature is increased.
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Figure 7: Damping (Q™), full symbols, and normalized shear modulus (G(T)/G(RT)), empty symbols, as a function of
temperature for Fe-4at.% Al-8at.% Ge. Blue circles, heating first thermal cycle; red diamonds, heating second thermal
cicle. Only half points are shown for clarity.

3.4 Hysteresis loops

Figure 8 shows the behaviour of the value of the magnetic induction at the tips, Bm, corresponding to
H = 150 A/winding and the coercive force, Hc, as a function of the annealing temperature. As it can be seen
from the Figure Bm and Hc do not exhibit a monotonous behaviour as a function of annealing time, allowing
us to separate the curves in four zones as the temperature increases.
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Figure 8: Bm and Hc as a function of annealing temperature for Fe-10at.% Si. Magnetic loops were traced at RT. Inset
shows a hysteresis loop.

Therefore, paying attention to the microstructural evolution above described, we can explain the
behaviour of Bm and Hc in each one of the temperature intervals detailed in Figure 8. Indeed, the behaviour
of Bm and Hc in zone | can be related to the increase of the order degree promoted by the temperature
increases (see Figure 1) and also for the pinning of dislocations (see Figure 5). The increase of internal
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stresses leads to a decrease in the mobility of the domains walls thorough a magnetostrictive coupling,
reducing Bm and increasing Hc.

In zone Il, the start of the GB movement is occurring, due to the start of the low temperature tail of
GB peak, so dislocations at the grain boundaries and grain boundary increase their mobility, Figure 5;
allowing a rearrangement of the microstructure. Then, the rearrangement of the microstructure, in order to
decrease the free energy by heating, leads to a decrease in the amount of blocking defects which improves the
mobility of domains walls; leading to an increase in Bm and a decrease in Hc.

In zone 111, Bm and Hc behave almost constant which could be controlled by the competence of both
the order increase and the further recovery of the structure; as the annealing temperature increases.

Finally, in zone IV, above the B2 — bcc transformation at 973 K which allows a larger recovery of
the structure due to the superdislocations vanish; Bm and Hc increases and decreases, respectively; as a
consequence of an improvement in the mobility of the domains walls. Indeed, the decrease in the amount of
quenched-in-defects and -dislocations, after the heating at temperatures over the B2 — bcc transformation,
leads to an improvement of the magnetic quality, since the mobility of domains walls has increased because
the less amount of obstacles interacting through a magnestotrictive phenomenon.

It should be highlighted that, as the magnetic loops are recorded at room temperature, the
improvement of the magnetic quality after annealing temperatures over the B2 — bcc transformation, is
controlled mainly by the recovery of defects and not by the B2 order degree, because the order state have
reached already its maximum value. This is in agreement with several works, which not report a deterioration
of the magnetic quality by the appearance of B2 order [20,21]. In contrast, the deterioration of magnetic
quality was reported to appear with the development of D05 superstructure [20,21]. Therefore, in Fe-10at.%
Si alloys the magnetic quality is mainly controlled by the recovery of defects, being the B2 ordering a less
important contribution.

Figure 9 shows the behaviour of Bm and Hc for the ternary Fe-6at.% Al-9at.% Si as a function of
temperature, where three zones of different monotony can be chosen.
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Figure 9: Bm and Hc as a function of annealing temperature for Fe-6at.% Al-9at.% Si. Being magnetic loops traced at
room temperature. Inset shows a hysteresis loop.

The behaviour of Bm and Hc in zones | and 1l could be explained as a competition between the
changes in the order degree and the enhancing of the vacancies mobility, revealed by the exothermal reaction
with peak at 650 K in Figure 1. In fact, the increase in Bm and the almost constant Hc behaviour in zone |
can be related to the enhanced mobility of vacancies related to their recovery, in agreement with the results
for Fe-10at.% Si. The subsequent decrease in Bm and increase in Hc in zone Il could be related to the
increase in the D05 order contribution. Finally the increase in Bm and the decrease in Hc, exhibited in zone
111 can be related to the recovery of quenched-in-defects, as a consequence of the DO; — bcc transition,
which is revealed by the increase in the mobility of defects viewed through the higher values of damping in
the region of lower temperatures (see Figure 6).
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Figure 10 shows the behaviour of Bm and Hc for the ternary Fe-4at.% Al-8at.% Ge, where both
behaviours are again not monotonous as a function of the annealing temperature, giving rise to three different
stages. The decrease in Bm and increase of Hc in zone | (Figure 10) can be related to the decrease in the
dislocations mobility by a pinning processes which through a magnetostrictive coupling diminishes the
domain walls mobility. In zone 1l, where the improvement of the magnetic quality of the alloys starts, can be
related to the increase in the mobility of point and linear defects, since the development of the GB is starting.
Finally, the subsequent improvement of the magnetic quality in zone Il can be related to an increase in the
mobility of the domain walls due to a further recovery of the microstructure which gives rise to an enhanced
mobility of defects, owing to the decrease in the amount of quenched-in defects.
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Figure 10: Bm and Hc as a function of annealing temperature for Fe-4at.% Al-8at.% Ge. Being magnetic loops traced at
room temperature. Inset shows a hysteresis loop.

4. CONCLUSIONS

The influence of both the microstructural state and the type of order, and its changes, as a function of
temperature on the magnetic properties in several Fe-based alloys has been determined. The microstructure
has been characterized by means of differential thermal analysis, mechanical spectroscopy and neutron
thermodiffraction studies, and the results were correlated to the magnetic properties.

The increase of order degree leads to a decrease in the mobility of the domain walls through a
magnetostrictive effect, promoting a deleterious effect in the magnetic quality of the alloys.

It has been found that the B2 order has a less influence on the deterioration of the magnetic properties
than DO; order. In Fe-10at.% Si, the magnetic properties improve always with an increase in the annealing
temperature. In contrast, in Fe-6at.% Al-9at.% Si, it depends on the annealing temperature interval. There is a
deterioration of the magnetic properties in the interval from 600 to 700 K. For Fe-4at.% Al-8at.% Ge there
appears a first zone where the magnetic properties does not improve due to the pinning of dislocations. At
temperatures above 650 K, an improvement in the magnetic behaviour develops due to the recovery and the
annihilation of quenched-in-defects and -dislocations.
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