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Feg4.75.xC0,SizBgP3Co5CUp 75 (x = 0, 2.5 and 10) nanocrystalline alloys with excellent magnetic properties
were successfully developed. The fully amorphous alloy ribbons exhibit wide temperature interval of
145-156 °C between the two crystallization events. It is found that the excessive substitution of Co for
Fe greatly deteriorates the magnetic properties due to the non-uniform microstructure with coarse
grains. The alloys with x =0 and 2.5 exhibit high saturation magnetization (above 1.83 T), low core loss
and relatively low coercivity (below 5.4 A/m) after annealing. In addition, the Feg475Si;BgP3Co5CUg 75

ﬁ?; Vggrd;amne allo nanocrystalline alloy also exhibits good frequency properties and temperature stability. The excellent
High Bry v magnetic properties were explained by the uniform microstructure with small grain size and the wide
S

magnetic domains of the alloy. Low raw material cost, good manufacturability and excellent magnetic

Magnetic property . h ) _ :
properties will make these nanocrystalline alloys prospective candidates for transformer and motor

Microstructure

Magnetic domain cores.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Fe-based amorphous and nanocrystalline alloys have attracted
great interests, because of their excellent soft-magnetic properties
and extremely low core loss, together with the low energy con-
sumption and high efficiency process. The application in electricity
generation, transmission and transformation fields is an attractive
route for the preservation of environment problems [1-3]. How-
ever, their relatively lower saturation magnetization (Bs) compared
with Si-steels is against the miniature of electromagnetic devices,
which has limited their wide applications [4,5]. Hence, improving
the B; has been extremely desired, for the long-term targets of
stronger, lighter, and higher efficiency devices [3,5,6].

Based on this, enormous efforts have been devoted to improve
the B, and the following effective methods are found: 1) Increasing
the Fe content. By applying this widely-used method, many
attempts failed because of the Fe content limitation based on the
demand of the amorphous forming ability (AFA). The successful
cases like FeSiBCu [7] and FeSiBPCu [8] still meet the harsh

* Corresponding authors at: No. 1219 Zhongguan West Road, Zhenhai District,
Ningbo City, Zhejiang Province 315201, China.
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requirement of the ribbon production and annealing process [9].
Hence, more investigations are desired. 2) Substitution of Co for
Fe. As accepted that the B, of a-FeCo phase (2.45 T) is higher than
that of o-Fe (2.18 T) [10], partial substitution of Co for Fe can effec-
tively improve the B,. Consequently, a series of Co-enhanced alloys
with relatively higher Bs were developed, such as FeCoSiBCuNb
[11], FeCoNbB [12], FeCoSiBPCu [13] etc. While we should also note
that the effects of Co substitution is reported to be complicated, in
some cases, drastic deterioration in soft-magnetic properties and a
substantial increase of the material cost [14].

In this study, we proposed a brief composition design method
for nanocrystalline alloys, as illustrated in Fig. 1. Three kinds of
indispensable elements: ferromagnetic elements (Fe, Co), metal-
loid elements (Si, B, P and C) and nucleation motivating elements
(Cu etc.) were chosen. Based on the consideration of Bs, the metallic
elements with large atom size like Nb etc. which will lead to
decrease of Bs;, were eliminated. Relatively high Fe content is
obtained by detailed investigation of AFA and competing precipita-
tion process of o-Fe grains. The metalloid elements are selected
from the aspects of AFA, manufacturability and the stability of
the amorphous phase [15]. The Cu, which plays key role as nucle-
ation sites, have great effect on AFA and annealing process as
reported. The content is usually to be adjusted to a low value from
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Fig. 1. The composition design of the Fegs 75.4C0,Si,BgP3Co 5Cug 75 high Bs nanocrys-
talline alloys.

the considering of wider ribbon production and annealing process
windows [16,17]. The composition design method with consider-
ing synthetically from multiple factor for Fegs75Si,BoP3Co5Cuq.75
high Bs nanocrystalline alloys, together with the hysteresis losses
and other alternating current properties will be reported later.
Here, we focus on the excellent magnetic properties of these
designed Fegy.75.xC0xSizBgP3Co 5Cup 75 (x = 0, 2.5 and 10) nanocrys-
talline alloys. The magnetic properties of these alloys were charac-
terized in detail. The microstructure and magnetic domains were
also investigated. These results will give us a better insight of the
nanocrystalline alloys and provide an effective composition design
method of high Bs nanocrystalline alloys.

2. Material and methods

The master alloys of Fegs 75.xC0xSizBgP3Co5Cug 75 (x =0, 2.5 and
10) were melt by induction melting under Ar atmosphere after
high vacuum of about 1 x 1072 Pa with pure elements of Fe
(99.99 wt%), Co (99.9wt%), Si (99.99 wt%), B (99.9 wt%), Cu
(99.99 wt%) and pre-alloy of FesP and Fe-3.6%C. Ribbons with
width of about 1 mm and thickness of about 21 pm were prepared
through single-roller melt-spinning method. The thermal proper-
ties were identified by differential scanning calorimetry (DSC,
NETZSCH 404C) at a heating rate of 40 °C /min. [sothermal anneal-
ing was carried out under a certain temperature for 5 min followed
by water-quenching. The microstructures of as-quenched and
annealed ribbons were investigated by X-ray diffraction (XRD, Bru-
ker D8 Advance) with Cu-Ko radiation and high-resolution trans-
mission electron microscopy (TEM, TECNAI F20). The magnetic
domain structure was observed on the air-bare surface by
Magneto-optical Kerr Microscope without further sample prepara-
tion such as polishing or coating. The magnetic properties includ-
ing saturation magnetization (Bs), coercivity (H.), core loss (P)
and effective permeability (p.) were measured with vibrating sam-
ple magnetometer (VSM, Lake Shore 7410) under the field of 800
kA/m, B-H loop tracer (EXPH-100) under the field of 800 A/m, AC
B-H curve tracer (AC BH-100 K) and impedance analyzer (Agilent
4294 A) at different applied magnetic field (Hy,), respectively. The
changes of the magnetic force (generated by a magnet right above
the samples) along with the temperature were measured by the
thermogravimetric analyzer (Diamond TG/DTA).

3. Results and discussion

All ribbon samples prepared with the commonly used parame-
ters exhibit good surface quality and ductility. The microstructures

of these Fegy.75.xC0xSinBgP3Co5CuUp 75 (x =0, 2.5 and 10) alloy rib-
bons were identified by XRD from the free side. As depicted in
Fig. 2, the only halo peak without any sharp crystalline peaks of
the ribbons means the totally amorphous structure, which indi-
cates the good AFA of these alloys. Here, we can conclude that
the composition design method is reasonable and the substitution
of Co for Fe in this alloy system does not decrease the AFA
seriously.

Then, the thermal performance of the as-quenched Fegy 75.xCOx-
Si;BoP3Co5Cug75 (x =0, 2.5 and 10) ribbons were investigated by
DSC. Two distinct exothermic peaks, with the onset temperatures
marking as Ty; and Ty, can be easily observed in the curves as
shown in Fig. 3. All these alloys exhibit a wide temperature interval
(AT, =Ty — Tyq) of 145-156 °C, which is much larger than the FePC
(Si)Cu [18,19] and FeBC(Si)Cu [20] alloy systems and comparable
to the typical FeSiBCu [7,21] and FeSiBPCu [8,22,23] alloy systems
as shown in the inserted table. According to the previous study
[24], the first and second crystallization peaks are corresponding
to the precipitation of o-Fe phase and compounds like boride,
phosphide etc., respectively. The large AT, is favorable to control
the precipitation of o-Fe in the amorphous matrix and form a uni-
form “o-Fe phase +residual amorphous” structure during the
annealing process [8,25], which is beneficial for excellent magnetic
properties. With the substitution of Co, T,; shifts to the higher tem-
perature slightly, which may be attributed to the decrease of the
driving force for the Cu clustering in the Co-contained alloys
[26]. While T,, shifts to the higher temperature apparently, sug-
gesting that the Co-contained alloys have higher stability of the
residual amorphous phase.

It is known that the magnetic properties of nanocrystalline
alloys is highly dependent on the annealing temperature (Ta). In
order to determine the optimal annealing process, isothermal
annealing under different temperature was carried out. The
changes of H, as a function of T, for the Fegy 75.xC0xSi;BgP3Co 5Clig 75
(x =0, 2.5 and 10) alloys were shown in Fig. 4. With the increase of
Ta, the changes of H. for the alloys with x = 0 and 2.5 behave a sim-
ilar tendency that the H. remains a small value (~5.0 A/m) in a
wide temperature range. For the alloy with x = 10, the H. is much
larger (~16.0 A/m) even at the optimum annealing temperature
range which is also much narrower compared to the alloy with
x=0 and 2.5. The difference of H. between the Feg,75Si,BoP3Cq 5-
Cug.75 and the 10 at% Co substituted alloys will be discussed later.

Fe,,,.,Co SiBPC Cu
Cu-Ka
Spun at 40 m/s

- ‘ =10
=: |

&

=

7}
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£
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N 1 " 1 N 1 " | N
30 40 50 60 70 80

20 (deg.)

Fig. 2. XRD patterns of the as-quenched Feg, 75.,C0,SizBgP3Co 5Cug 75 (x = 0, 2.5 and
10) ribbons.
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System AT, (°C)
Fe(Co)SiBPCCu 145 - 156
40 °C/min FeBC(Si)Cu [20] 84-106
—
FePC(Si)Cu (18 19] 46 -88
FeSiBCu [7,21] 118 -132
FeSiBPCu (822 23] 135-158

Co Si,BP.C .Cu

8475 279 3705 0.75

ATx= sz'Tx1

xX=0 145
xX=25 149

156

Exothermic(a.u.)—

350 200 250 500 550
Temperature, T, (°C)

Fig. 3. DSC traces of the as-quenched Feg, 75.,C0,SizBgP3Co 5Cuq 75 (x = 0, 2.5 and 10)
ribbons; Inserted table shows the AT, of the typical nanocrystalline alloy systems.
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Fig. 4. H, of the Fegy75.,C0,Si;BgP3Co5Cuq 75 (x =0, 2.5 and 10) ribbons dependence
on T, after annealing for 5 min.

According to the changes of H. as a function of T, we deter-
mined the optimum annealing temperature is 460 °C. The hystere-
sis loops of these alloys after annealing at 460 °C for 5 min were
shown in Fig. 5. With the substitution of Co for Fe, the B increases
from 1.83 to 1.87 T as exhibited in the inset (a), while the H.
increases from 4.5 to 16.0 A/m as shown in the inset (b). These
alloys exhibit attractively high Bs (above 1.83 T), which is much
higher than the FePC(Si)Cu [18,19] and FeBC(Si)Cu [20] alloy sys-
tems after conventional annealing and comparable to the typical
FeSiBCu [7,21]| and FeSiBPCu [8,22,23] alloy systems after flash
annealing, as shown in the inserted table.

As an important parameter for the magnetic materials, the core
loss (P) of the designed alloys were then measured under different
induction (B) and frequency (f). The changes of P as a function of B
at 50 Hz for the Feg4.75_xC0xSi2B9P3C0,5Cu0_75 (X =0,2.5and ]0) alloy
ribbons were shown in Fig. 6(a), the P of the alloy with x=0 is
much lower than the Co-added alloys, especially for the alloy with
x =10, which is coincided with the changes of H. in Fig. 5(a). Since
the Fegs75Si,BoP3Co5Cug7s alloy exhibits much better soft-

2.0
1.5 84 75 xco SI2B9P3CO 5cu
I 460 °C x 5 min
~1.0f
= —x=0
a 0.5 —Xx=25
g ’ —x=10 1.75
- 200 400 600 800
© 0.0
g | oaf ) Syst B, (T)
[ : stem
5;0.5¢ y . .
b Eo.o / Fe(Co)SiBPCCu 1.83-1.87
=, 0l FeBC(Si)Cu®  1.72-1.81
L .01 FePC(Si)Cu 28191 1,58 -1.65
1.5 FeSiBCu [7.21] 1.83-1.84
20-1612-8 4 0 4 8 12162
H (A/m) FeSiBPCu (822231 1,82 -1.85

_2.0 n 1 n 1 2 1 n 2 1 1 1 L 1 1
-800 -600 -400 -200 0 200 400 600 800
Applied magnetic field, H (kA/m)
Fig. 5. Hysteresis loops of the Fegs75.xC0xSioBoP3Co5CUg75 (x=0, 2.5 and 10)
ribbons after annealing at optimum conditions; Inset (a) partially enlarged

hysteresis loops; Inset (b) partially enlarged B-H loops; Inserted table shows the
B, for the typical nanocrystalline alloy systems.

0.6 @)
Fe : . Co SlngP3C05Cu
0 ——x=0
4 f=50Hz —e—x=25

D
50.2
o
3

0.0
2 "lb)
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© —=— 50 Hz

—=— 400 Hz
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0.0 1
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Fig. 6. Core loss of the ribbons after annealing at 460 °C for 5 min; (a) Fegs75.x
C0,Si,BgP3Co5Cup 75 (x =0, 2.5 and 10) alloy ribbons were measured at 50 Hz; (b)
Feg475Si2BgP3Co sCug 75 alloy ribbons were measured at 50 Hz, 400 Hz and 1000 Hz,
respectively.

magnetic properties, the P of which under different f were further
investigated. As shown in Fig. 6(b), the Feg4 75Si,BgP3Co 5Cug 75 alloy
exhibits a low P50/1_0 =0.17 W/kg, P400/1_0 =0.56 W/kg and
P1000/1.0 = 0.82 W/kg, respectively, which is of great significance
to be applied in motors and transformers etc.

Considering that the . of the magnetic materials under differ-
ent applied magnetic field (H,,) and frequency is an important
parameter in terms of their applications [27,28], the p. on the
dependence of the frequency for the Fegs75Si,BoP3Co5CUq75
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nanocrystalline alloy was measured under different Hy,. As shown
in Fig. 7, with the increase of Hp,, the p. increases from 1.2 x 10*
(Hn=1 A/m) to 2.8 x 10* (Hp =10 A/m) and then decrease to
1.5 x 10% (H,, = 20 A/m) again at 400 Hz. It is interesting that the
alloy exhibits excellent frequency properties at low Hy, of 1 A/m
and high H;, of 80-100 A/m, u. does not decrease distinctly in a
wide range below cutoff frequency of about 20 kHz. The high g
above 1.2 x 10* and excellent frequency properties, will make
the Feg4 75Si,BgP3Co 5Cug 75 nanocrystalline alloy prospective candi-
dates for various electric devices.

The magnetization (M) of the nanocrystalline alloys at the
operating temperature should take into account as for their appli-
cations. Here, we use the TG/DTA to measure the magnetic force
which is generated by a magnet right above the sample, then we
convert the magnetic force to Ms by the formula as follows [29]:

OH

Fxz=—u,VM; %2

Where F is the magnetic force, z is the distance between the sample
and the magnet, V is the volume of the sample, % is the magnetic
field intensity induced by the magnet at a distance of z. Subse-
quently, the converted M is normalized according to the Mg mea-
sured by VSM at room temperature. Eventually, the measured M-T
curves for the as-quenched and annealed Feg4 75Si;BgP3Co5CUq 75
ribbons were shown in Fig. 8. We can see that the M of the as-
quenched ribbons decreases at the Curie temperature (about
293 °C) of the amorphous phase. The little drop in Mg and then
increase slightly may be attributed to the clustering and crystalliza-
tion take place at a relatively low temperature [30]. At about 410 °C,
the crystallization of o-Fe result in a sharp increase of M. In com-
parison, we can easily observed that the annealed ribbons exhibit
a much higher M without decline until 576 °C, this is due to the for-
mation of a-Fe crystals with high Curie temperature. Since the M; of
a nanocrystalline alloy is the result of the coupling effect between
residual amorphous phase and crystalline phase, the curie transi-
tion of the residual amorphous phase will not lead to the decrease
of M [31]. In addition, the ferromagnetic-paramagnetic transition
temperature of the nanocrystalline alloy ribbon is a little higher
than the as-quenched ribbons, indicating a high crystallinity for
the nanocrystalline alloys. Consequently, we can conclude that
the Feg475Si,BgP3Co5Cug75 nanocrystalline alloy exhibits a good
temperature stability. These results also attest the importance of
preparing nanocrystalline alloys from amorphous precursors, con-
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taining increase of Bs, decrease the s [32] and improvement of
the thermal stability of magnetic properties.

We explored the correlation among microstructure, magnetic
domain structure and properties at last, for discussing the reason
of excellent soft-magnetic properties of the Feg,75Si;BgP3Co 5CUg 75
alloy and the drastic H. increase of the 10 at% Co substituted alloy.
The TEM images selected area electron diffraction (SAED) patterns,
grain size distribution and magnetic domains were shown in Fig. 9.
In Fig. 9(a), we can observe that uniform microstructure with fine
crystals and high crystallinity in the matrix is formed in the Fegy 75-
Si;BoP3Co5Cug 75 alloy. The crystals were identified as o-Fe from
the SAED patterns in Fig. 9(b) and mean size of is about 22.8 nm
as shown in Fig. 9(c). The uniform microstructure with small grain
size is the reason for the excellent soft-magnetic properties [31]. In
addition, smooth stripe domains separated by 180° walls along the
sensitive direction, showing exiguous pinning centers, were clearly
exhibited in Fig. 9(d). The large domain width which is inversely
proportional to the domain wall energy [33], and correlated to
the uniformity of microstructure [31] and anisotropy energy
[12,31] also manifest the excellent soft-magnetic properties. In
comparison, the distribution of the a-Fe(Co) is less uniform and
the average grain size of the 10 at% Co substituted alloy is 31.
8 nm, which is much larger than the basic alloy, as shown in
Fig. 9(e-g). It is speculated that the non-uniform microstructure
with larger grain size of the Co-contained alloy is attributed to
the decrease of the driving force for the Cu clustering as described
in the DSC curves. This may result in a decrease of the nucleation
sites, and then weak the competing effect of the grain growth,
leading to a non-uniform microstructure with coarse grain size
[31]. It has been reported that the magneto-crystalline anisotropy
of a-Fe(Co) phase is higher than o-Fe [12,31], this may be the sec-
ond reason for the increased H. of Co-contained alloys.

4. Conclusions

High Bs Feg4 75C0,SizBgP3Co5Cug.75 (x = 0, 2.5 and 10) nanocrys-
talline alloys were successfully developed and the magnetic prop-
erties of these alloys were investigated in detail. The obtained
results were summarized as follows:

1. The alloys were readily prepared into fully amorphous state
with a large ATy about 150 °C.
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Fig. 9. TEM bright field images, SAED patterns and grain size distribution for the Fegs 75.xC0oxSioBgP3Co5Cug 75 alloy (a-c) x = 0 and (e-g) x = 10; Magnetic domains of (d) x =0
and (h) x = 10 ribbons after annealing under optimal temperature, respectively.

2. The alloys with x = 0 and 2.5 exhibit high B; of 1.83-1.84 T, low [4] G. Herzer, Nanocrystalline soft magnetic alloys, Handbook of magnetic

_ : : e materials 10 (1997) 415-462.
H. of 4.5-5.4 A/m after annealing under the optimal conditions. [5] C. Zhao, A. Wang, A. He. 5. Yue, C. Chang, X. Wang, R-W. Li, Correlation
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