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ABSTRACT

The influence of P content on Curie temperature, magnetic properties and
microstructures of Fegy 5513B104xP35-xCo2CupsNb; (x = 0, 1, 2, and 3 at.%) alloys
subjected to magnetic field annealing has been studied. Here, the decrease in P
content can improve Curie temperature of alloys from about 575 to 584 K, which
increases the operating temperature of magnetic device. Via optimal field
annealing technique, the amorphous alloy with x = 3 exhibits good soft mag-
netic properties, including saturation magnetic flux density of 1.53 T, high
effective permeability above 12,000, low coercivity below 3 A/m, and low core
loss around 0.18 W/kg. The hysteresis loops show that tuning down the content
of P relative to B can increase the saturation magnetic flux density of alloy
system. Besides, the investigation about the microstructures of alloys annealed
at optimal conditions indicates that longitudinal magnetic field annealing can
improve the stability of amorphous phase, thereby ensuring the amorphous
structure annealed at a higher annealing temperature compared with the gen-
eral annealing for alloys.
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1 Introduction

Fe-based amorphous alloys have attracted both sci-
entific and technological attentions due to their
excellent soft magnetic properties (SMPs) including
high saturation magnetic flux density (By) and

effective permeability (u.), as well as low coercivity
(H) and core loss (P;), applied widely in electrical
and electronic devices including transformer and
amplifier switch [1-3]. However, compared to Si-
steel, their relatively low By is not conducive to the
development of device miniaturization. It is
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increasingly important to develop the amorphous
alloys with excellent SMPs.

There are mainly two ways to improve SMPs of
alloys as followings: (1) optimizing elements includ-
ing the increasing the content of ferromagnetic ele-
ments and the adjusting the content of metalloid
elements. But excessive Fe content usually leads to
the reduction of amorphous forming ability (AFA),
which is not conductive to the mass production of
amorphous alloys [4]. The addition of metals ele-
ments including Co and Nb etc. increases the cost of
production to some extent [5]. Therefore, the adjust-
ing the content of metalloid elements is an effective
choice to improve SMPs without increasing the cost
and decreasing the AFA of alloys. With investigating
the mixing enthalpy between metalloid elements and
Fe [6, 7], it was found that the substitution of B for P
can increase the stability of amorphous matrix, which
has aroused wide concerns of researchers. (2) Opti-
mized annealing technique. Actually, there are three
main types including general annealing (GA) [8],
magnetic field annealing (MA) and rapid annealing
(RA) at present. Compared with GA, RA and MA
have unique advantages in improving SMPs of as-
casting amorphous alloys, which has attracted
extensive attention of researchers. But considering
the harsh requirement of RA [9], MA is more hopeful
to industrial production. Moreover, the related
researches found that MA can apparently improve
SMPs of alloys due to the additional magnetic ani-
sotropy induced by the magnetic field [10-12].
Specifically, longitudinal magnetic field annealing
(LMA) not only can improve the initial permeability,
but changes the rectangular ratio of hysteresis loop,
and thus reduce P; of alloys due to that the direction
of magnetic field is along to the stripe [13-15], which
arouses the interest of scientific researchers. There-
fore, to meet the development of miniaturization in
magnetic device, we expect to optimize the
microstructures and magnetic properties of alloys
through slightly adjusting the content of P and B
under LMA, and to develop a kind of alloy with
excellent SMPs.

In this work, Feg55i3B104:P35_xCo.2CugsNby
(x=0,1, 2, and 3 at.%) alloys with different P con-
tents via LMA were synthesized to reveal the effect of
P content on their microstructure and SMPs, which
contributes to developing the alloys with excellent
SMPs, and thus promotes the development of
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minijaturization and industrialization in magnetic
device.

2 Experimental procedure

The alloy ingots with nominal composition of Feg; 5.
Si3B10+XP3A5_XC0_2CU.0.8Nb] (X = O, 1, 2, and 3 at.%)
were prepared by induction melting high pure raw
materials: Fe (99.97 wt%), Si (99.999 wt%), B (99.5
wt%), Cu (99.99 wt%), Nb (99.9 wt%), pre-alloyed Fe-
P (15.6 wt%) and Fe-C (3.6 wt%) in a high purity
argon atmosphere. The ribbons with a width of about
1 mm and a thickness of around 22 pum were pre-
pared via a single-roller melt-spinning technique,
which was cut into a length of 50 mm for latter
annealing and testing. Among the melt spinning
experiment, the diameter of the quartz pipe orifice is
about 0.75-0.8 mm, and the pressure difference
between the inside and outside of quartz tube is
600 Pa.

The structures of ribbons were detected by X-ray
diffraction (XRD, Bruker D8 Advance) with Cu Ka
radiation. Curie temperature (T.) was analyzed via
thermal gravity (TG/DTA, PerkinElmer Diamond)
and magnetic property measurement system (MPMS,
SQUID-VSM) at a heating rate of 10 K/min in a high
purity argon, respectively. In TG experiments, to
directly show the changes of weight, a magnetic field
was applied in order to directly show the changes of
weight. The isothermal annealing under LMA was
carried out in a vacuum furnace and subsequently air
cooling. The magnetic field intensity is 20 Oe that was
controlled by a pair of AINiCo permanent magnets
which has high T, in the quartz tube, and its sche-
matic diagram is shown in Fig. 1. The magnetic
properties of annealed ribbons including B, H., e,
and P; were measured with a vibrating sample
magnetometer (VSM, Lake Shore 7410) under a field
of 800 kA/m, a B-H loop tracer (EXPH-100) under a
field of 800 A/m, an impedance analyzer (Agilent
4294 A) under an applied magnetic field of 1 A/m at
1 kHz, and an AC B-H loop tracer at 50 Hz under 1 T,
respectively. Besides, when VSM measurements are
made,the orientation of the strips with respect to the
applied magnetic field is random with the aim of
reducing anisotropy. For this purpose the strips were
glued into the Chinese character “rice” shape on the
sample cup. The microstructures of ribbons were
characterized by transmission electron microscopy
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Fig. 1 The schematic diagram
of LMA technique
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(TEM, Talos F200x and TF20). The density of alloys
was measured through the Archimedes method. All
experimental data were measured repeatedly to
ensure their repeatability and accuracy.

3 Results and discussion

3.1 Characterizations of the melt-spun
ribbons

The amorphous structures of Feg; 5513B104xP35-xCo.2-
CupgNb; (x =0, 1, 2, and 3 at.%) alloys have been
investigated by XRD in previous work [16]. The
microstructures of ribbons were further detected via
TEM as shown in Fig. 2. For all alloys, only a disor-
dered and homogeneous structure is observed in the
bright-field TEM images of Fig. 2a—d, and the corre-
sponding selected area electron diffraction (SAED)
patterns in Fig. 2e-h consist of halo diffraction rings,
which confirms the formation of complete amor-
phous structure.

T, is an important thermodynamic parameter at
which the ferromagnetic phase transforms to the
paramagnetic phase for the magnetic alloys. When
annealing temperature (T,) above it, the magnetic
properties of alloys is more susceptible to the mag-
netic field. To better understand the role of P content
on T, of the alloy system, TG and MPMS measure-
ments of melt-spun ribbons were performed,
respectively. Figure 3 reveals the effect of P content
on T, from the variation trend of weight and mag-
netization with temperature, respectively. Both
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Fig. 3a and b show that T. moves to a higher tem-
perature with the decrease in P content, ranging from
about 575 to 584 K. T, of amorphous alloys is closely
related to the composition and its determined atomic
interaction. According to the Slater-Pauling curve, as
P content decreases together with B content increas-
ing, the magnetic exchange interaction between iron
atoms will be enhanced, leading to the increment of
T. [17-19]. Therefore, the substitution of B for P can
improve T, of alloy system, which raises the operat-
ing temperature of magnetic device.

3.2 Magnetic properties variation with P
content under LMA

Magnetic properties of amorphous alloys are sensi-
tive to the annealing technique. LMA favors to
improve SMPs of alloys. Figure 4 shows the depen-
dencies of (a) B, (b) H, (¢) ue, and (d) P; on T, for the
alloy system in LMA process. As depicted in Fig. 4a,
there is only a slight fluctuation in Bs with T,
increasing, but B, ranges from about 1.5 to 1.53 T with
P content decreasing, which indicates that the
decrease in P content is the main factor for improving
Bs. The replacement of P by B with smaller atomic
size shortens the distance between Fe atoms and thus
enhances the magnetic exchange between Fe atoms,
which accounts for the increase of B; as P content
reduces [20, 21]. Under LMA process, SMPs includ-
ing H., pe and P; of alloys are more susceptible to T,.
It is obvious that H. rapidly decreases from above 12
to around 3 A/m under the combination of increas-
ing T, and decreasing P content in Fig. 4b.
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Fig. 2 a—d Bright-field TEM images and e—h corresponding SAED of Feg; sSi3B101+P3.5_2Co2CuggNb; (x = 0, 1, 2, and 3 at.%) alloys

Meanwhile, p. at 1 kHz of alloys exhibits a trend which indicates that the substitution of B for P can
contrary to that of H,, and ranges from about 3300 to  increase . of alloys in LMA process. In Fig. 4d,
above 12,000 with T, increasing under considering subjected to the common influence of rising T, and
the influence of P content in Fig. 4c. And x =3 changing P content, P1g/50 (measured at f =50 Hz
(Feg; 5513B13P0.5C0.2Cu0 sNby) alloy exhibits higher ., under By, = 1 T) of alloys shows the similar trend to
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Fig. 3 a TG and b M-T curves of Feg; 5Si3B o4 P3.5_xCo2CuggNb; (x =0, 1, 2, and 3 at.%) amorphous alloys

H,., which decreases from around 0.8 to 0.18 W/kg.
And Pqg,50 of x = 3 alloy exhibits the lowest values,
which suggests that the decrease in P content can
effectively reduce Pyg/50 of alloys in LMA process.
From the results of Fig. 4, the optimal T, for the
excellent SMPs of alloy system is about 833 K. Among
the alloy system, x = 3 alloy exhibits the optimum
performance including high B, of 1.53 T, low H,. of 2.9
A/m, high p. of above 12,000, and low Pqg/50 of
0.18 W/kg. Therefore, proper decrease in P content
can boost SMPs of alloys, with an optimal 0.5 at.% P
content for the alloy system in the LMA process. The
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reason of this phenomenon may be due to that little
outer electrons of P atoms dope with that of Fe atoms
and thus some of them may fill up the 3d bands of Fe
atoms, which increases the magnetic moment of Fe
atoms and causes the enhancement of exchange
interactions, and thus improves SMPs of alloys with
the substitution of B for P content [22, 23].

LMA technique can effectively improve pu. of
alloys. In order to evaluate the influence of LMA on
pe for x = 3 alloy, the frequency spectrum of pe
annealed at different T, were tested. Figure 5 reveals
the changes in u. with frequency at different T, of
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Fig. 4 The dependencies of a Bg, b H,, ¢ ., and d P; on T, of Feg; 5Si3B 94 +P3.5_+Co2CuggNb; (x =0, 1, 2, and 3 at.%) amorphous
alloys in LMA process

x = 3 alloy in LMA process. As shown in Fig. 5, ue of ~ frequency range (from 1 to 25 kHz). When annealed
x = 3 alloy approximately doubles when annealed at at T, higher than 800 K, such as 803 and 833 K, p,
T, ranging below 800 K (from 643 to 773 K) in a wide greatly attenuates with frequency increasing,
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Fig. 5 The trend of . with
frequency at different T, of
x = 3 alloy in LMA process
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6 Hysteresis loops including inset (a) its partial enlarged graphs and inset (b) enlarged B-H loops of
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although it is still improved greatly at 1 kHz. Resul-
tantly, LMA can advance p, of x = 3 alloy to above
12,000 at low frequency.

Figure 6 is the hysteresis loops of alloy system
annealed at optimal conditions. All curves present
the typical characteristics of soft magnetic alloys, and
Bs ranges from about 1.50 to 1.53 T as P content
decreases from 3.5 to 0.5 at.%, which shows that the
reduction of P content contributes to the rising of Bs.
Besides, inset (b) demonstrates that H,. of x = 3 alloy
closes to that of the initial alloy, implying that the
decrease in P content can enhance B, without dete-
riorating SMPs of alloys.

3.3 Microstructure variation with P content
under LMA

To further understand the magnetic properties
changes of alloys annealed at optimal conditions in
LMA process, the relevant microstructures were
detected via XRD and TEM, respectively. As descri-
bed in Fig. 7, all curves exhibit typical diffuse scat-
tering peaks without apparent crystallization peak,
except that the diffraction peak of x = 0 (Feg; 55i5.
B10P35C02CupsNby) alloy is slightly tapered. The
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Fig. 8 a-d bright-field TEM images and e-h corresponding®
SAED of Fegl_5Si3B10+xP3_5,xC0_2Cu0_8Nb1 (x = O, 1, 2, and 3
at.%) alloys annealed at optimal conditions

microstructures were further examined by TEM.
Except that some a-Fe clusters appear in x = 0 alloy
as shown in the bright-field TEM images of Fig. 8a,
only a disordered and homogeneous structure is seen
in that of Fig. 8b—d with the corresponding SAED
patterns in Fig. 8f-h consisting of halo diffraction
rings. These identification results indicate that an
amorphous phase is maintained in all alloys except
x = 0 alloy annealed at optimal conditions. There-
fore, stress release events mainly occur in LMA pro-
cess, which not only decreases the free volume and
defects, but makes the amorphous structure more
homogeneous and magnetic domains more ordered,
and thus SMPs of alloys get improved [24, 25].
Besides, compared with the nanocrystal structures of
GA annealed at 833 K in previous work [16], it was
found that the alloys exhibit apparent amorphous
structure of LMA annealed at 833 K, which indicates
that LMA technique can improve the stability of

Feg, sSi;B g, P35,Cy,CuygNb,
Annealed at 833 K Cu-Ka
5
)
£
n
=
2
=
]
30 40 50 60 70 80 90
20 (deg.)

Fig. 7 XRD patterns of Feg; 5S13B 19 xP3.5_xCo2CuggNb; (x =0, 1, 2, and 3 at.%) alloys annealed at optimal conditions
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Table 1 B, and H, of x = 3 alloy compared with the other alloys

Alloys B (T) M, (emu/g) H. (A/m)
x = 3 (the present work)  1.53 161.1 2.9
Feg4BgP3 sMo,Cu; [26] 1.39 - 4.4
Feg4BgP4Mo0,Si, [27] 1.53 - 7.3
Fe;7Bg sP10.sNb,Cry [28] 1.30 - 3.8
Feg3_3Si2B14Cu0_5C0_2 [29] - 151.5 4.0

amorphous phase and thus ensure the amorphous
structure even annealed at a higher T,.

Table 1 lists B and H. of x = 3 alloy compared
with FegyBgP3sMo,Cu; [26], FegsBsPsMo0,Si, [27],
Fe;7Bo 5P105NbyCry [28], and Fegs 35i,B14Cug 5Co 2 [29]
alloys. Although FegsBgP,Mo,5i, alloy has similar B
with the present alloy, it has higher H.. Compared
with the other alloys, the present alloy exhibits better
SMPs including high B of about 1.53 T (M, ~ 161
emu/g) and low H. of 29 A/m via LMA, which
promises the industrialization and miniaturization of
magnetic device

4 Conclusions

In conclusion, the influence of P content on T,

microstructures, and SMPs of Fe-Si-B-P-C—-Cu-Nb

amorphous alloys via LMA were investigated in
detail. The obtained results can be summarized as
follows:

1. The optimized amorphous microstructures could
significantly improve SMPs via slightly adjusting
P content and LMA for the present alloy system.
As a result, x = 3 alloy exhibits good SMPs,
including high B, of 1.53 T, low H, of 2.9 A/m,
high p. of above 12,000, and low P59 of around
0.18 W/kg.

2. The substitution of B for P can improve T. of alloy
system from about 575 to 584 K, which increases
the operating temperature of magnetic device.

3. The combination of LMA and tuning down the
content of P can double p. at 1 kHz of x = 3
alloy, exceeding 12,000.

4. Compared with GA, LMA can improve the
stability of amorphous phase and thus ensure
the amorphous structure even annealed at a
higher T, for the present alloys.
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