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Abstract The effect of Cu alloying additions on the
crystallization of Fe—Si-B alloy was studied. The selected
alloys compositions are Fe;;5Si135Bg and Fes65Si13.5B9
Cu,. By comparing their crystallization temperatures,
activation energy of crystallization, phase formation and
microstructural evolution after heat treatment, the effect of
Cu alloying additions was determined. It was found that Cu
alloying additions reduced the crystallization temperature
as well as the activation energy of the crystallization. Al-
though the phases formed in both alloys were Fe;Si and
Fe;B phases the microstructures were dramatically differ-
ent: a dendritic microstructure was observed in the case of
the Fe-Si—B alloy, while spheriodal crystals around
100 nm in size were observed in the case of the Fe—Si-B—
Cu alloy. Cu alloying addition increased the saturation
magnetization during primary crystallization whereas it
decreased the saturation magnetization after secondary
crystallization began. Interestingly, for both alloys the
same trends of the magnetization and coercivity measure-
ments were observed except that the extent of the changes
were higher in the case of the Fe-Si—-B—Cu alloy than that
of the Fe-Si-B alloy.

Introduction

The Fe—Si—-B—Cu—Nb amorphous alloy with the composi-
tions: Fey35Si135BoNb3Cu, after appropriate annealing
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exhibits excellent magnetic properties, these superior
properties result from crystallization of an initially amor-
phous material, leading to the formation of nanocrystals
(about 10 nm in size) of the Fe;Si phase in the remaining
amorphous matrix [1]. These nanocrystals resulted in a
reduction of the coercivity as a result of the averaging
magnetic anisotropy leading to good soft magnetic prop-
erties, as suggested by Herzer [2]. This alloy is now
available commercially as Finemet. Concerning the role of
copper in this kind of alloy, there have been many earlier
reports, the most prominent studies have been conducted
by Hono and Ayers [3-7]. These studies were conducted in
the alloy with both Cu and Nb alloying additions. It is well
known that containing Cu and Nb elements will influence
the thermodynamics and kinetics of the crystallization in
the Finemet alloy. In the case of combined additions,
copper has been reported to increase the nucleation density
of the crystals formed by primary crystallization. However,
in order to obtain fundamental understanding of the effects
of Cu and Nb alloying additions in the Finemet alloy
particular attention should be paid to separate rather than
combined additions of Cu and Nb to the reference Fe—Si—
B alloy. Hence the Feqq5Si;55BoCu; alloy was selected
and compared to the Fe;;5Sij3 5By alloy. For the Fesq 5
Siy3.5BoCu, alloy earlier work on its crystallization process
has provided information concerning thermal properties,
phase formation and microstructure observations [8—14].
However, a study combining these aspects has not been
reported and this is the object of the present work. In
addition, this study can provide a reference for the under-
standing of the effect of the Cu alloying addition in the
Finemet alloy containing both Cu and Nb.

This paper describes the effect of Cu alloying additions
in a Fe-Si-B alloy by comparing the thermal behav-
ior, phase formation, microstructural observations and
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magnetic properties of a Fe—Si—B—Cu alloy with those of a
Fe-Si—B alloy. The two alloy compositions (Fe;;5Si;3.5Bo
and Fe;¢5Si13.5B9Cu;) were selected based on the com-
position of the Finemet alloy (Fe;35Si;35BoNbs;Cuy).
Characterization was performed using the differential
scanning calorimetry (DSC), X-ray diffraction (XRD),
transmission electron microscope (TEM), and vibrating
sample magnetometer (VSM).

Experimental procedure

Two alloy compositions were examined: Fe;; 5Si;3 sBg and
Fe;6.55113.5BoCu;. One atomic percent of Cu element was
chosen based on the concentration of Cu element added in
Finemet alloys. The material used is 20 pm thick and
25 mm wide ribbon, both alloys are amorphous as received
as shown by the XRD measurements. A NETZSCH DSC-
404C was employed to study the thermal behavior. A
RIGAKU DMAX 2200 was used for X-ray diffraction
studies. Heat treatment conditions were selected according
to the DSC results and heat treatment conditions of 420,
490, 515, 550, 600 and 640 °C for 1 h were employed. Heat
treatment was carried out in the vacuum furnace (10 >torr).
A JEOL 2010 Transmission Electron Microscope (TEM)
with an accelerating voltage of 200 kV was employed. The
samples prepared for TEM observation were cut into 3 mm
discs before heat-treatment and subsequently ion-milled.
The measurement of the saturation magnetization of the
materials (at B = 1.3 T) was made by a LakeShore vibrat-
ing sample magnetometer. All the measurements were
conducted three times to minimize errors.

Results

By means of DSC the crystallization temperatures of the
selected alloys were measured at heating rates of 2, 5, 10,
and 20 K/min, as shown in Fig. 1a and b. Figure 1a and b
show the DSC curves for the Fe-Si-B and Fe-Si-B—Cu
alloys, respectively obtained for the heating rates of 2, 5,
10 and 20 K/min. Two exothermic peaks were observed for
both alloys. The crystallization temperatures at a heating
rate of 10 K/min for the first peak in the case of the Fe—Si—
B alloy is at 526.6 °C while in the case of the Fe-Si—-B—Cu
alloy it occurs at 466.4 °C, which is consistent with earlier
reports [10—15]. At the same time the Cu alloying addition
increased the gap between the first peak and second peak
(Fig. 1b). The crystallization temperatures and exothermic
enthalpies for both alloys are provided in Table la and b.

By using the Doyle-Ozawa Method the activation
energies of different alloys can be calculated by means of
the following equation [16]:
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Fig. 1 (a) DSC results for the Fe-Si-B alloy at heating rates of (1)

2 K/min, (2) 5 K/min, (3) 10 K/min and (4) 20 K/min; (b) DSC

results for the Fe—-Si—-B—Cu alloy at heating rates of (1) 2 K/min, (2)

5 K/min, (3) 10 K/min and (4) 20 K/min

Logh = Log[AE/RF (a)] — 2.315 — 0.4567E /(RT)

where b is the heating rate, A is a constant, F(«) is the
crystallized fraction, T is the temperature corresponding to
the crystallized fraction, E is the activation energy, R is gas
constant: 8.314 J/K.

Plotting Logb as the Y-axis and 1/T as the X-axis a
straight line can be obtained, the slope of which is
—0.4567E/R, thus the activation energy can be calculated
(Fig. 2a—d), the results are tabulated in Table 2. The acti-
vation energy for the first crystallization temperature in the
case of the Fe—Si—B alloy is 535.8 kJ/mol while that for the
Cu-containing alloy is 259.7 kJ/mol which showed that Cu
alloying addition made primary crystallization easier sug-
gesting that it enhances the kinetics of crystallization [17].

The received alloys were identified by XRD and broad
peaks were observed, indicating the amorphous alloy
(Fig. 3). Both alloys were heat treated at various temper-
atures for 1 h: 420, 490, 500, 515, 550, 600 and 640 °C.
The phases formed in the Fe-Si-B alloy was studied by
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Table 1 The temperatures
corresponding to exothermic
effects for the (a) Fe-Si-B alloy
and (b) Fe-Si-B—Cu alloy

T, the onset temperature of the
crystallization, T}, the peak
temperature of the
crystallization, T, the ending
temperature of the
crystallization, AH the enthalpy
of the whole crystallization
process

Heating rate (K/min)
Panel (a)
Ist peak

2nd peak

Panel (b)
Ist peak

2nd peak

Ty (°O)
Ty (°O)
Te1 (°0)
AH (J/g)
Ty (°0)
Ty, (°0)
Te> (°C)
AH (J/g)

T (°O)
Tp1 (°0)
T, (°O)
AH (J/g)
Ty, (°0)
Ty (°C)
Te> (°0)
AH (J/g)

496.4
511.7
503.4
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529.4
534.2
537.5

50.3

440.1
449
459.8
34.7
515.5
519.7
523.4
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510.9
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537.6
542.7
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514.4
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44.6
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522.8

532.1

547
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567.8
576.5
69.6

474.1
482.1
498.6
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543.8
548.9
556.8

46.1

XRD (Fig. 4), the results indicated that the Fe;Si phase was
the dominant phase as the annealing temperature increased
from 490 °C to 640 °C. In the case of the Fe-Si-B alloy

(a) 1.4
1.2 |
Slope=-0.4567E/R=-29434.49
101 E=535.8kJ/mol
o 08
(=]
-
06 |
0.4 |-
0'2 1 1 1 1
0.00124 0.00125 0.00126 0.00127 0.00128
1IT(1/K)
(c) 1.4
-
12 slope=-0.4567E/R=-14265.35
E=259.7kJ/mol
10 | [ ]
o 08|
_lm n
06 |
04 |-
]
02 1 1 1 1
0.00132 0.00134 0.00136 0.00138
1T(1/K)

the Fe;B phase was observed, which indicated the initiation
of secondary crystallization formed at 515 °C. On the other
hand with Cu alloying additions primary crystallization
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Fig. 2 Activation energy obtained from DSC measurement for the first peak and second crystallization peak: (a) and (b) for Fe; 5Si;3 5Bo alloy,
(¢) and (d) for Fe;45Si13.5B9oCu, alloy, respectively
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morphology, spheroidal crystals less than 100 nm in size
were observed as the first crystallization products (Fig. 8a).
: . . . . . . Figure 8b shows a higher magnification micrograph of
30 40 50 60 70 80 90 . . . .
28 spheriodal crystals about 50 nm in size, the corresponding
SADP as shown in Fig. 8¢ was indexed as the bcc Fe;Si
Fig. 3 XRD results of the received amorphous alloys: (a)

Fe77.58113.5B9 alloy (b) Fese5Si13.5BoCu, alloy

occurred at lower temperatures, the Fe;Si phase was
identified at 420 °C (Fig. 5) and the Fe;B phase formed at
500 °C. This showed that both the primary and secondary
crystallization temperatures in the case of the Fe—Si—-B—Cu
alloy are lower than those of the Fe-Si—B alloy, which is
consistent with the DSC results.

Transmission electron microscopy studies could be used
to obtain more information about the microstructural evo-
lution for the selected alloys. The halo rings were observed
in the SADP of the received amorphous alloys (Fig. 6). For
the Fe—Si-B alloy the morphology of the first crystalliza-
tion products at 490 °C for 1 h is dendritic, the branches
are composed of closely spaced precipitates as shown by
the arrow in Fig. 7. For the Fe—Si—-B—Cu alloy the micro-

phase which is consistent with the XRD identification in
Fig. 5. At higher temperatures of 490 °C, more crystals
precipitated from the amorphous matrix and those origi-
nally formed spheriodal crystals grew larger to more than
100 nm in size (Fig. 8d). At 500 °C, secondary crystalli-
zation occurred with the formation of a striped structure of
the FesB phase, as indicated by the arrow in Fig. 8e.

In order to obtain a better understanding of the striped
microstructure of the Fe;B phase the BF and corresponding
DF micrographs are provided in Fig. 9. These striped
products formed from the remaining amorphous matrix
between the spheroidal Fe;Si crystals. At the same time,
the Fe;Si phase formed from the amorphous matrix during
the secondary crystallization was in the form of crystals
larger than 200 nm, the crystal structure was found by
SADP analysis to possess the DO; ordered structure
(Fig. 10).
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Fig. 5 XRD results for Fe-Si-B—Cu alloy heat treated at different
temperatures for 1 h: (1) 420 °C, (2) 490 °C, (3) 500 °C, 4)
515 °C, (5) 550 °C, (6) 600 °C, and (7) 640 °C: Fe;Si (V), Fe;B
(#), Fe;B (®)

Magnetic properties such as coercivity and saturation
magnetization were measured by VSM. The results are
shown in Figs. 11 and 12. Compared with the Fe-Si—B
alloy the saturation magnetization was less while the
coercivity was greater in the Fe—Si—B—Cu alloy. For the as-
received amorphous alloys the saturation magnetization is
1.3 T and the coercivity is 60 A/m as indicated in Figs. 11
and 12. After crystallization began, the saturation magne-
tization decreased while the coercivity of both alloys
increased due to structural relaxation. The magnetic prop-
erties of both alloys showed similar changing trends as the
annealing temperature was increased. As the annealing
temperature was increased from 420 °C to 490 °C the
magnetization increased significantly from 1.2 T to 1.6 T
while the coercivity remained almost the same. After both
alloys were heat treated at 500 °C for 1 h saturation
magnetization decreased and the coercivity increased
sharply from 1 kA/m to about 4 kA/m.

Discussion
Thermal properties

The DSC curves of both the Fe—Si—B alloy and the Fe—Si—
B—Cu alloy exhibit two exothermic peaks which means that
there exists a two-step crystallization processes before the
final stable phases are obtained. The first peak corresponds
to the formation of the Fe;Si phase and the second peak
indicates the appearance of the Fe;B compound. This
analysis can be verified by the XRD data in Figs. 4 and 5,
respectively. The two peaks of Fe—Si—B alloy are close to

@ Springer

Fig. 6 TEM micrograph and SADP of the received amorphous
alloys: (a) Fes75Si13.5Bo alloy and (b) Fe¢ 5Si;3.5BoCu; alloy

each other, compared with one of the alloy with Cu
additions. It was also observed in the DSC data that there
was a significant lowering in the value of the first crys-
tallization temperature from 511 °C to 449 °C when 1 at%
Cu was added to Fe-Si-B alloy which indicated crystalli-
zation began at lower temperature, this is because Cu
destabilized the amorphous Fe-Si—B phase, as was re-
ported earlier [15]. The addition of Cu decreased the pri-
mary crystallization temperature by more than 60 °C,
much more than that of the secondary crystallization
temperature, indicating that Cu alloying additions changed
the kinetics and thermodynamics of the first crystallization
processes more significantly than those of the second
crystallization processes. In addition, the calculated acti-
vation energy also supported this assumption, Cu alloying
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Fig. 7 BF TEM Micrograph of Fe-Si-B alloy heat treatment at
490 °C for 1 h

additions reduced the activation energy of the first crys-
tallization from 376 kJ/mol in the case of the Fe-Si—B
alloy to 236 kJ/mol in the case of the Fe—Si—-B—Cu alloy,
while for the activation energy of secondary crystallization
a reduction of 73 kJ/mol was observed with Cu alloying
addition.

Crystallization process

In the case of the Fe-Si-B alloy, from the XRD results, it
was observed that primary crystallization did not occur for
a heat treatment time of 1 h until 490 °C while for the Fe—
Si—-B—Cu alloy primary crystallization occurred at 420 °C
for 1 h. This is consistent with the DSC results that Cu
alloying addition reduced the primary crystallization tem-
perature and made crystallization earlier. Although the
phases formed after primary crystallization are the same,
i.e. the Fe;Si phase, the morphologies differed consider-
ably, however only 1 at% Cu drastically changes the
morphology of the Fe;Si phase [18]. In the case of the Fe—
Si-B alloy the morphology of the primary crystallization
product is an anisotropic dendrite with branches composed
of closely spaced individual precipitates, while in the case
of the Fe-Si—B—Cu alloy, instead of a dendritic morphol-
ogy, much more isotropic spheroidal precipitates were
observed. From Fig. 7b it was observed that this sphreri-
odal precipitate is about 50 nm in size, this finding differs
from Efthimiadis’ report that the first crystallization prod-
ucts of the Fe;s_Cu,SigB¢ (x < 4) alloys are dendrites
[18]. This spheriodal crystal was found by SADP analysis
to be bee Fe;Si phase, consistent with XRD results (Fig. 5).

In the Fe—Si—B alloy systems, a dendritic morphology is
commonly observed due to solute rejection during
crystallization resulting in constitutional supercooling. The
condition for no constitutional supercooling is that [19]:

@p> 10 m
where 7 stands for the temperature gradient at the inter-
face between the matrix and the precipitate as the crys-
tallization began; 7T,-T5 is the temperature difference
between the matrix and the precipitate after crystallization
is completed; D is the diffusivity in the matrix; and v is the
growth rate.

From the equation above constitutional supercooling can
be avoided by reduced v (growth rate) or increased D (the
diffusivity in the matrix). It has been reported earlier that
with Cu alloying additions, the primary crystallization
growth rate will be reduced. The nucleation rate will be
increased due to additional nuclei provided by Cu alloying
addition perhaps by reducing the activation energy for
nucleation [9, 20, 21]. As found in the experimental alloy,
the growth rate, v, will be decreased by Cu alloying
addition which is helpful to avoid constitutional superco-
oling. Concerning the effect on diffusivity in the matrix (D)
by Cu alloying addition, with Cu alloying addition the
crystallization began at lower temperature and the diffu-
sivity in the matrix will be less at lower crystallization
temperature. On the other hand, a higher density of nuclei
induced by Cu alloying addition will produce more solute
rejection in the matrix during crystallization which will
increase the concentration in the matrix, thus increasing the
diffusivity. Thus the effect of Cu alloying addition on the
diffusivity in the matrix (D) is a compromise between these
effects. Hence, it is suggested that the constitutional su-
percooling will be avoided by Cu alloying addition mainly
by a reduction of the growth rate and by a more isotropic
interfacial energy between the matrix and the crystal. Thus
instead of dendritic morphology, a spheriodal morphology
was observed in the Fe—-Si—-B—Cu alloy.

As the annealing temperature of the crystallization of
the Fe-Si—-B—Cu alloy was increased to 490 °C, more
spheriodal crystals formed from the amorphous matrix and
the volume fraction of such crystals increased. When the
annealing temperature was increased to 500 °C, secondary
crystallization was observed corresponding to the forma-
tion of the Fe;B phase (Fig. 4). This phase formed along
the spheriodal crystal boundary in the form of a striped
morphology (as shown by the arrows in Figs. 8, 9). This
morphology has not been previously reported [18]. As the
Fe;Si spheriodal crystals formed, boron was rejected into
the matrix which is helpful for the formation of the Fe;B
phase.
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Fig. 8 (a) BF TEM Micrograph
of Fe-Si—-B—Cu alloy heat
treatment at 420 °C for 1 h. (b)
BF TEM Micrograph and (c)
SADP of the precipitate
indicated by arrow in Fig 8(a):
zone axis: [ 111]. (d) Bright
field micrograph of Fe—Si—-B—
Cu alloy heat treatment at
490°C for 1 h; (e) Bright field
micrograph of the Fe-Si-B—Cu
alloy heat treatment at 640°C
for 1 h

The phases formed after crystallization is complete in
the case of the Fe—Si—B—Cu alloy are the Fe;Si, Fe,B and
Fe;B phases. The final product of crystallization was
mainly spheriodal crystals of Fe;Si phase around 100 nm
in size. Along the crystal boundary the Fe;B and Fe,B

@ Springer

phases with striped morphology were observed. The Fe;Si
phase formed as large crystals about 200 nm in size
(Fig. 10) during secondary crystallization, the crystal
structure has an ordered DOj5 structure, which has not been
reported in previous investigations [6, 7, 18].
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Fig. 9 BF (a) and DF (b) TEM
micrographs of the striped
morphology indicated by arrow
in Fig 8(c)

Fig. 10 TEM micrograph of
the precipitate from the Fe—Si—
Cu-B alloy annealed at 640°C
for 1 h: (a) bright field image
(b) dark field image (¢) SADP:
zone axis: [ 001]

Magnetic properties

Cu alloying addition not only had a large effect on the
crystallization temperatures, activation energy of crystal-
lization and microstructural evolution, it also affected the
magnetic properties. From Figs. 11 and 12 it was observed
that both magnetization and coercivity of the two alloys
after crystallization showed similar trends. Cu alloying

addition decreased the saturation magnetization and coer-
civity after annealing was carried out after 500 °C for 1 h.

After the alloys were heat-treated at 420 °C for 1 h,
crystallization occurred in the Fe-Si—-B—Cu alloy, however,
the Fe—Si-B alloy remains amorphous, structural relaxation
did occur. Due to the formation of Fe;Si which is a soft
magnetic phase, the saturation magnetization of the Fe—Si—
B—Cu alloy is higher than that of the Fe-Si-B alloy,

@ Springer
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structural relaxation may have caused a lower value of
saturation magnetization. The decrease of saturation mag-
netization may be also in part be attributed to the stresses
developed in the amorphous matrix by the growing crys-
tallites which can act as pinning centers for the domain
walls. The growing crystallites are far apart from each
other so that inter-grain exchange coupling cannot take
place, thus the anisotropy cannot be reduced [22].

As the annealing temperature was increased to 490 °C,
Cu alloying addition increased the saturation magnetization
due to the greater volume fraction of Fe;Si phase (Fig. 11).
The volume fraction of Fe;Si phase in the Fe-Si-B-Cu
alloy is higher than that of the Fe—-Si—-B—Cu alloy resulting
in higher saturation magnetization in the Fe-Si—-B—Cu
alloy.

As the annealing temperature was increased from
490 °C to 500 °C, a sharp increase of coercivity was ob-
served for both alloys. For the Fe—Si-B alloy the growth of
the dendrite increased the coercivity by providing addi-
tional obstacles to the motion of the domain walls. For the

@ Springer

Fe-Si-B—Cu alloy the formation of the hard magnetic
phase FesB at 500 °C caused deterioration of the soft
magnetic properties.

However after secondary crystallization began at 500 °C
the saturation magnetization and coercivity were decreased
in the Cu-containing alloy due to the formation of the Fe;B
phase. Formation of the Fe;B phase leads to an increase of
magnetocrystalline anisotropy, as a result of which mag-
netic hardening takes place [22]. The coercivity was de-
creased by Cu alloying addition due to the shape anisotropy
in magnetism. At 500 °C the phase formed for the Fe—Si—B
alloy as well as the Fe-Si-B—Cu alloy were the same:
Fe;Si phase, however, the morphology showed significant
differences. In the case of the Fe—Si—B alloy a dendritic
morphology was observed while with Cu alloying addition
a spheroidal morphology with rough interfaces was ob-
served. From shape anisotropy considerations the coerciv-
ity of the spheroidal morphology can be higher than that of
the dendritic morphology [23], thus the coercivity is higher
in the Fe-Si-B alloy compared with that of the Fe-Si—B-
Cu alloy.

At 550 °C the saturation magnetization again increased
due to Fe;Si phase formation resulting in a higher mag-
netization value and a lower coercivity value. When the
heat treatment is conducted at 600 °C the magnetization
decreased less than 0.02 T for the Fe-Si-B alloy while it
decreased more than 0.2 T in the case of the Fe—Si—-B—Cu
alloy due to the decomposition of the Fe;B phase into Fe—
Si and Fe,B phases, thus the Fe,B phase lowered the sat-
uration magnetization [24].

Conclusions

A study of the effect of Cu alloying additions on the
crystallization behavior of a Fe-Si-B—Cu alloy was con-
ducted by XRD, DSC, TEM and VSM techniques. The
following conclusions can be reached:

1. For the Fe-Si-B alloy the primary and secondary
crystallization temperatures are 527 and 552 °C,
respectively at a heating rate of 10 K/min. With Cu
alloying addition the primary and secondary crystalli-
zation temperatures were reduced to 466 and 531 °C
for the same heating rate.

2. The activation energy of crystallization for the Fe—Si—
B alloy was calculated to be 376 kJ/mol for primary
crystallization and 342 kJ/mol for secondary crystal-
lization respectively, while that of the Fe-Si-B-Cu
alloy is much lower value: 236 and 269 kJ/mol.

3. The phases formed after primary crystallization are the
same for both alloys: Fe;Si. However, the micro-
structural evolution is significantly different. For the
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Fe-Si-B alloy a dendritic morphology is observed
after primary crystallization while spheroidal crystals
about 100 nm in size were observed after primary
crystallization for the Fe-Si—B—Cu alloy.

The phases formed after secondary crystallization are
the same for both alloys: Fe;Si, Fe,B and Fe;B. The
Fe;Si phase formed in the Fe-Si-B during secondary
crystallization was found to have a bce structure while
in the Fe-Si—B—Cu alloy it was found to have a DO;
ordered structure.

Cu alloying addition increased the saturation magne-
tization during primary crystallization and decreased
the saturation magnetization during secondary crys-
tallization. The saturation magnetization and coerciv-
ity showed similar trends in both alloys, the extent of
the change for the Fe-Si—-B—Cu alloy in profile is
higher than that of the Fe-Si-B alloy.
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