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Structural Relaxation
and Crystallisation in Fe—Cr—Si—B
and Fe—Cu—Cr—Si—B Amorphous Alloys

Z. STOKLOSA, J. RASEK, P. KWAPULINSKI, G. HANECZOK
AND L. PAJAK

Institute of Physics and Chemistry of Metals, University of Silesia
Bankowa 12, 40-007 Katowice, Poland

Structural relaxation, crystallisation and optimisation processes in soft
magnetic amorphous alloys based on iron are examined by applying different
experimental techniques: X-ray diffraction analysis, high-resolution electron
microscopy, measurements of magnetic and electric properties (permeability,
after-effect, resistivity). The presented results are discussed in terms of an-
nealing out of microvoids, formation of a nanocrystalline phase and changes
of effective magnetostriction constant.

PACS numbers: 75.50.—y, 75.75.+a

1. Introduction

In the last ten years a considerable progress in the domain of new soft mag-
netic materials has been observed. Amorphous alloys based on iron obtained by
rapid cooling from liquid phase are one of the most interesting groups of these
materials [1-6]. The main goal of this examinations is to obtain magnetic material
with relatively high value of magnetic permeability and magnetic losses as low as
possible. Obviously an economic aspect is also important and a good soft magnetic
material cannot be very expensive. It seems all these requirements are well fulfilled
for the Fe-X-Si—-B group of alloys. At present it is one of the most widely studied
group of amorphous and nanocrystalline alloys [6—9]. A proper chemical composi-
tion of the alloy and a suitable thermal annealing allow obtaining material very
interesting for practical applications. Apart from that the problem of studying the
influence of alloying additions X is still open in literature [1-3]. In the present
paper we concentrate on magnetic properties of the alloys of type Fe-Cr—Si—B and

Fe—Cu-Cr-S1-B.

(273)
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2. Material and experimental procedure

The experiments were carried out on two groups of amorphous alloys based
on 1iron — Fe7gSigB14, Fe76CI'QSigB14, Fe74CI'4SigB14 and Fe7gSi13B9,
Fe7r5Cu;CrySiy3Bg, FersCuiCrsSiisBg, FersCuyCraZry Si13Bg. All these alloys were
obtained by melt spinning technique in the form of ribbons with thickness of about
25 pm.

The X-ray examination (Philips difractometer) and electron microscope
(JEM-200B and high-resolution JEM-3010) observation confirm that in the "as
quenched” state all the alloys were in amorphous state. In order to study struc-
tural relaxation and crystallisation processes two experimental techniques were
used — measurements of magnetic properties (magnetic permeability, coercive
field, magnetic after-effect) and electric properties (electrical resistivity and Hall
constant). The experiments were carried out on samples in the “as quenched” state
by applying linear heating with the rate ranging from 0.5 to 10 K/min. The Curie
temperature of the examined alloys was determined from temperature dependence
of magnetic permeability (heating rate — 10 K/min).

In the next step amorphous samples were annealed for one hour at the tem-
perature range from 300 K to 950 K with the step of 25 K. After such annealing
at temperature denoted as T, the magnetic and electric properties were measured
at room temperature.

3. Results

Initial magnetic permeability p measured at room temperature for samples
annealed for one hour at elevated temperatures 7, 1s shown in Fig. 1. For all
examined alloys magnetic permeability passes by a distinct maximum. This fact
indicates that application of a suitable one-hour thermal annealing can optimise
magnetic properties of these alloys. We define the temperature 7, corresponding

wx10° | —o— Fe,,Si,.8,
od T Fe,SiB,,

—o—Fe,CrSiB

76122155,

—u—Fe,Cr,SiB

7Ty 21B,,
8 —as—Fe,CuCr,Si B,
—4—Fe_Cu, CrSi

74 1703 HBQ

—+—Fe,,Cu,Zr Cr.Si

73 1 3] HBQ
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T, K]

Fig. 1. Initial magnetic permeability g measured at room temperature for samples

after one-hour annealing at temperature 7,.
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to the maximum of magnetic permeability p(73) as the one-hour optimisation
temperature — Tg,.

Figure 2 shows magnetic after-effect Ap/p, Ap = pu(ty) — p(ta), where time
t; = 30 s and t; = 1800 s after demagnetisation and y at ¢; plotted versus one-hour
annealing temperature 7,. As it is known the intensity of magnetic after-effect is di-
rectly proportional to concentration of microvoids forming the so-called relaxators
[3, 10-17]. In amorphous materials, as a consequence of fast cooling from liquid
phase, a relatively high concentration of microvoids is usually observed [9, 10-18].
The diffusion of these defects is mainly responsible for time/thermal instability
of amorphous alloys. Obviously such instabilities hinder their practical applica-
tions. Magnetic relaxation measurements allow obtaining information about the
discussed instabilities and also about the microvoid diffusion.

Apfn[%] e 5B Fe SiB 2,6
144 —o— Fe,Si B, —* Fe,SiB, Fe. CrSiB
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e g ’/FeNCupr ,Si,;By

A L3 D/
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o <D/O
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1,6 .
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\\‘ . /—\/
-~ F(emSlHBg
960 200 SEllEl 4E|E| 5EI|E| EEllEl 7EI|E| EDD BEllEl WDDD 1100
TIK]

Fig. 2 " Fig. 3
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Fig. 2. Magnetic after-effect Ap/p ([p(t1) — p(t2)]/n(t1), where times t; = 30 s and
to = 1800 s after demagnetisation), measured at room temperature for samples after
one-hour annealing at temperature 7;.

Fig. 3. Electrical resistivity versus temperature (heating with rate 0.5 K/min).

In amorphous alloys, phase transitions like crystallisation phenomena are
usually examined by applying thermal methods, electric and magnetic measure-
ments [19-22]. Figure 3 shows electrical resistivity curves p(T') measured by ap-
plying linear heating — 0.5 K/min. The drastic decrease in p values observed at
elevated temperatures is due to crystallisation process. The temperatures of the
first and the second stages of crystallisation process were determined from data
presented in Fig. 3 by applying the condition dp(7T")/dT = 0.

The characteristic temperatures (i.e. Curie temperatures, one-hour optimi-
sation annealing temperatures and crystallisation temperatures) determined from
the data presented in Figs. 1-3 are listed in Table. From this table it can be
recognised that the crystallisation temperatures (the first stage — T} as well as
the second one — 73) as well as the optimisation temperatures T,, are higher
than the Curie temperatures. This means that the structural changes responsible
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TABLE
Curie temperatures (1), one-hour optimisation anneal-
ing temperatures (Top ) and temperatures of first (71) and
the second stage (1%) of crystallisation process.

Material Te [K] | Top [K] | T1 [K] | T2 [K]
FersSisBia 715 675 730 775
FerCraSis By 650 675 750 670
FersCraSisBig 645 725 825 845
FersSiisBg 650 625 720 750
FersCuy CraSigs Bg 650 675 675 750
FezsCuyCrsSigs Bg 590 650 685 750
Fer4Cu1CraZr1S113 By 575 800 635 750

for the optimisation of soft magnetic properties (mainly an increase in magnetic
permeability) take place in paramagnetic phase. In such a case the application of
room temperature measurements for samples annealed at elevated temperatures
is very useful. Typical “in situ” measurements obviously are not sufficient [8]. Let
us notice that for the base alloys i.e. the FergSigB14 and FersSii3Bg we have the
reverse relation T, < Tc.

4. Discussion and conclusions

The results presented in Fig. 1 (i.e. the dependence u(7T,)) are to the certain
extent typical of amorphous alloys based on iron. In general, magnetic permeability
changes in three stages. In the first one, up to the temperature of about 75, —100 K,
(4 remains approximately constant. In the second stage at elevated temperatures
t increases rapidly reaching the maximum value at Tg,. At higher temperatures
for T'y > T5p a drastic decrease in permeability is observed. All these stages reflect
the microstructural changes taking place in examined materials.

The increase in magnetic permeability (even 3-10 times) observed in amor-
phous alloys, after a suitable thermal annealing (e.g. one-hour annealing at 75;,)
can be explained by different processes: (i) an annealing out of microvoids formed
during fast cooling from liquid phase, (ii) a significant decreases in the effective
magnetostriction constant and (iii) a formation of a nanocrystalline structure with
grain size much smaller than the ferromagnetic exchange length [23, 24]. The de-
tailed analysis of these processes leads to the conclusion that in most cases it 1s
not possible to distinguish between them. The role of a particular process and also
its efficiency strongly depend on chemical composition of the examined alloy.

The first mechanism is well demonstrated in Fig. 2, where magnetic after-
-effect Ap/pis plotted versus T,. At lower temperatures (up to about 500 K) we
observe coagulation and/or a new rearrangements of microvoids which is repre-
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sented as a Ap/p maximum. At higher temperatures Au/p drops down indicating
annealing out of migrating defects [13, 14, 16, 17].

Experimental results obtained by X-ray diffraction technique (Fig. 4) and
electron microscopy (Fig. 5) observations as well as measurements of magnetic and
electric properties show that 75, can be both lower and higher than the crystalli-
sation temperature. In the case in which 7o, < 77 essentially only two processes
— 1.e. annealing out of microvoids and decrease in the effective magnetostriction
constant — should be taken into account. For 75, > T} all three processes become

important.
oFe
201A
oFe ofFe ofFe
209 A 142 A 216 A
T TSRV MMMW

773K WM%MWWWWWWWMMWW
673K W

A It Pl
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as quenched 26 [deg]

T T T
40 60 80

Fig. 4. X-ray diffraction pattern obtained for FersCuyiCr2Siis By alloy.

Let us consider the first case and assume that Ty, < 7). It is known that
in amorphous phase magnetic permeability depends on magnetoelastic energy and
the so-called stabilisation energy of magnetic domains, which is dependent on
microvoid concentration (¢). Such approach leads to the following formula for
magnetic permeability [2]:

J26kpT
1)~ ) 1
H(t) 2pol{3A8m 0 + pw?e[l — exp(—t/7)]} W

where Jg, § and [ are the saturation magnetisation, the effective thickness and

domain width, respectively; p is the numerical factor depending on the kind of
domain wall, A& is the magnetostriction constant of amorphous phase, ¢ is the
effective stress, w is the interaction energy between spontaneous magnetisation
and relaxators (the so-called Néel energy [3]), 7 is the relaxation time obeying
the Arrhenius relation (for diffusion processes 7 o« exp(E/kpT); F is the activa-
tion energy and kp is the Boltzmann constant) and pg is the vacuum magnetic
permeability.

In the second case when T, > Ti the presence of a new nanocrystalline
phase should be taken into account [23, 24]. The magnetocrystalline energy K of
this phase can be expressed as



278

Z. Stoktosa et al

Fig. 5. FElectron microscopy image and electro-diffraction pattern obtained after

one-hour annealing at optimisation temperature for FersSii3Bg (a), FersCuy Cr2Si12 Be
(b) and Fer5Cu; Cr3SiiaBg (c) alloys.

-2 13 7-3/2\ /2
i K2 4 vKid°K

T ) (2)

where v is the volume fraction of nanocrystalline phase, K is the induced anisotropy
constant of domain structure formed during annealing, d is the mean grain size of
the nanocrystalline phase, A is the ferromagnetic exchange energy and K is the
anisotropy constant of nanocrystalline phase. For Ky < K the effective anisotropy
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constant can be written as

246 FC4
K= ”1473‘1 (3)
and for Ky > K we have
R R vK2d3
K=Ky <1+2A—;/2). (4)

Assuming the model of random distribution of anisotropy constant of nanocrys-
talline phase for magnetic permeability one can get the following formula [2, 8]:

(1) ~ 12736 A3kpT (5)
M ok TI{(K2d° + 2xs0A43) + puZe[l — exp(—1/7)]}

where ¢ is the concentration of microvoids, Ag 1s the effective magnetostriction

constant, which according to [25] is given by
As = vAS 4 (1 — v)(AT™ + kv) 4+ vAZS/V, (6)

where k is the parameter describing the changes of nanostructural phase taking
place during crystallisation process; A§, AJ, are magnetostriction constants for
crystalline phase and surface, respectively; the fraction S/V denotes the specific
surface of nanocrystals.

Typical value of magnetostriction constant for the FezsSij3Bg alloy in the
“as quenched” state is of about 23 x 107° (the magnetostriction constants have
been obtained by Villiary method). Thermal annealing causing formation of «-Fe
crystallites in amorphous phase reduces this value to 8 x 109, so about 4 times.
According to [26] magnetostriction constant of a-Fe crystalline phase is 4 x 107°.

Chromium as the alloying addition causes a decrease in effective magne-
tostriction constant of the alloy and in the same way an increase in magnetic
permeability [27, 28]. According to Eq. (5) p strongly depends on the grain size of
nanocrystalline phase. The nanophase formation process is essentially controlled
by diffusion phenomena, so strongly depends on temperature and chemical compo-
sition of the material. It is known that copper causes an increase in the amount of
nucleus of nanocrystalline phase [6]. A relatively high value of inter-surface energy
and packing factor can be obtained by adding different alloying additions with
large atomic radius. In general, it leads to a slowing down of diffusion processes,
so to a decrease in an effective diffusion coefficient.

According to our results the observed increase in magnetic permeability
(see Fig. 1) can be attributed to nanocrystallisation process only for two alloys
le. Fe74Cu1Cr38113B9 and Fe74Cu1Cr2ZrlSilgB9. For the Fe75Cu1CrzSilgB9 al-
loy the nanocrystallisation can be excluded because after one-hour annealing at
temperature T, the nanocrystalline phase was not detected by applying high
resolution electron microscopy (HREM) technique. In contrary to this for the
Fer4Cu;1CraSiisBy alloy one-hour annealing at T, leads to formation of a-Fe(Si)
nanocrystalline phase (detected by HREM), though the amount of this phase does
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not exceed a few percent. For the Fer;Cu,CroZr:S113By alloy annealing at T,
causes formation of the well-developed a-Fe(Si) nanocrystalline phase with grain
size of about 20 nm. In this case the optimisation temperature 75, > Ty.

The main conclusions of the present paper can be summarised as follows:

1. Optimisation of soft magnetic properties in Fe-X-Si-B and Fe-Cu-X-Si-B
alloys depends strongly on type and content of alloying additions.

2. The addition of Cr atoms in the Fe-Cr-Si-B alloys improve soft magnetic
properties causing a decrease in magnetostriction constant and microvoid

contents.

3. Chromium atoms in the Fe—Cu; —Cr—Si;3— By alloys improve soft magnetic
properties, which can be explained in terms of different mechanism i.e. ran-
dom distribution of anisotropy constant in nanocrystalline phase, changes
of magnetoelastic energy and also changes of stabilisation energy of domain
structure modified by the presence of microvoids.

4. Copper atoms cause an increase in the amount of nucleus and amount of
nanocrystalline phase of small diameter.
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