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High Fe content FeBCSiCu nanocrystalline alloys are prepared by annealing melt-spun amorphous rib-
bons with aim at increasing saturation magnetic flux density. Microstructures identified by XRD and TEM
reveal that Cu addition inhibits the surface crystallization of FeggB;C7 alloy and improve its glass-forming
ability. Activation energy of crystallization calculated by Kissinger's equation indicates that both Cu and
Si addition promotes the precipitation of o-Fe phase and improves the thermal stability. VSM and DC B-H
loop tracer measurements show that the Fegs 5B;CgSi;Cug s nanocrystalline alloy exhibits high saturation
magnetic flux density of 1.8 T and low coercivity of 10 A/m, respectively. AC properties measured by AC B-
H analyzer show this alloy exhibits low core loss of 0.35 W/kg at 1T at 50 Hz. Low material cost and
convenient productivity make the FegssB;CgSi;Cugs nanocrystalline alloy an economical application in

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Nanocrystalline soft magnetic alloys [1-4] produced by crys-
tallizing amorphous phases have attracted great attention due to
their excellent soft magnetic properties such as high saturation
magnetic flux density (Bs), high effective permeability (u.), low
coercivity (H;) and low core loss (P). And the development and
application of nanocrystalline soft magnetic materials have greatly
contributed to the development of electronics and power industry,
especially for energy saving. Since the first nanocrystalline alloy
with nominal composition of Fe;35Si135BgNbsCu; was found by
Yoshizawa [1] in 1988, after 20 years of development, nanocrys-
talline alloy systems mainly include FeSiBNbCu [1], FeZrBCu [2]
and FeCoZrBCu [3] patented under the trade name of FINEMET,
NANOPERM and HITPERM, respectively. For years, scientists made
a thorough and systematic study on existing nanocrystalline alloy
system to explain the original of excellent soft magnetic proper-
ties, in order to establish the crystallization mechanism and realize
magnetic properties control [5-13]. Then, on the basis of the above
theoretical research, many kinds of nanocrystalline soft magnetic
alloys were subsequently synthesized such as FeBCu [14,15], FeS-
iBPCu [16-18], FePCCu [19], FePCu [20] and FeNbBCu [21]. How-
ever, these alloys contained either precious metal element Nb or
more than 14% of the expensive element B, which increases the
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material cost, or contained volatile element P, the composition is
difficult to precisely control, thus limited their application.

Accordingly, we synthesized the Fegy xB10CsCu, nanocrystalline
alloys [22,23] with good soft magnetic properties, low cost, as well
as easy production. But compared with FeBCu and FeSiBPCu, the
Fegs_xB10CsCuy nanocrystalline alloys exhibit a rather low Bs. It is
well known that Cu addition can promote the precipitation of a-Fe
particle thus increase the Bs, and Si substitution can inhibit the Fe—
B compounds, increase the thermal stability, which is benefit for
magnetic properties. So in this paper, with the aim at increasing B
and improving the soft magnetic properties, high Fe content
FegsB,C7, Feg5'sB7C7CUO.5 and Feg5'5B7CGSi1CUO'5 a]loys were de-
veloped. And the effect of Cu and Si addition on glass-forming
ability, thermal stability, microstructures and magnetic properties
in FeBCSiCu alloy system was discussed.

2. Experimental procedures

Alloy ingots with nominal compositions of FeggB,C,
Fegs sB7,C;Cug s and Fegs sB;CgSi;Cugs were prepared by arc melt-
ing the mixtures of Fe (99.99 mass%), B (99.5 mass%), Si (99.99
mass%), Cu (99.99 mass%) and pre-alloyed Fe-C alloy under a high
purified argon atmosphere. Each ingot was melted five times to
ensure compositional homogeneity. Amorphous ribbons were
prepared by single roller melt spinning with linear velocity of
40 m/s. The width and thickness were 1mm and 20 pm,
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respectively. Melt-spun ribbons were annealed to develop nano-
crystalline. The annealing was carried out by keeping the ribbons
in the tubular furnace preheated to annealing temperature for the
preset annealing time in argon atmosphere followed by water
quenching cooling. Microstructures were identified by X-ray dif-
fraction (XRD) with Cu Ka; radiation, transmission electron mi-
croscopy (TEM) and selected area electron diffraction (SAED).
Thermal stability was evaluated by differential scanning calori-
meter (DSC). Bs and H. under a maximum applied field of 800 kA/
m and 1 kA/m were measured by a vibrating sample magnet-
ometer (VSM) and a DC B-H loop tracer, respectively. The melt-
spun ribbons were wound into laminated toroids with 10 mm in
outer diameter, 6 mm in inner diameter, subsequently isothermal
annealed in the same condition with the ribbon specimens in or-
der to determine the AC properties. Core losses at 1 T and 50 Hz,
400 Hz and 1 kHz were measured with an AC B-H analyzer.

3. Results and discussion
3.1. Microstructures of melt-spun alloys

Fig. 1 shows the XRD patterns of FeggB,C;, Fegs 5B;C;Cugs and
Fegs sB;CsSi1Cug s melt-spun ribbons, all samples are measured by
free surface. It can be obviously seen that two sharp crystallization
peaks identified to Fe;C phase exist for FeggB,C; alloy. To under-
stand this crystallization behavior, further XRD examination is
taken by both free surface and wheel surface. As shown by the
inset in Fig. 1, the pattern of wheel surface shows only broad peak,
indicating the formation of single amorphous phase. It is not dif-
ficult to understand that the cooling rate of free surface is lower
than the wheel surface, resulting in a surface crystallization be-
havior. But with the addition of Cu and Si, the crystallization peak
disappears and the sample exhibits halo patterns, indicating the
amorphous structure. Fig. 2 shows the HRTEM image and SAED
pattern of FegssB;C;Cugs melt-spun ribbon. The HRTEM image
reveals that the microstructure of the alloy exhibits long-range
disorder. And the SAED pattern shows diffused diffraction rings
and no existence of spots corresponding to any crystalline phase,
indicating that the FegssB,C;Cugs alloy is of completely amor-
phous structure, which is in agreement with the XRD results.
Hence, the microstructure analysis results indicated that Cu ad-
dition inhibits the surface crystallization of FeggB;C; alloy and
improves its glass-forming ability. This phenomenon is consistent
with the completive principle reported by Johnson [24], who
pointed out that the nucleation of different crystallization phase
competes with each other and makes the supercooled liquid reach
a relatively stable state, which is conducive to the formation of
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Fig. 1. XRD patterns of FeggB;C7, FegssB;C;Cups and Fegs sB;CsSi;Cugs melt-spun
ribbons.

Fig. 2. HRTEM image and SAED pattern of FegssB;C;Cugs melt-spun ribbon.

amorphous. According to the former results [23], Cu addition
promoted the precipitation of a-Fe phase in the FeBCCu alloy
system, the competitive formation of FesC, a-Fe and amorphous
phase can drastically impede the devitrification, which is benefit
for amorphous forming.

3.2. Thermal stability and crystallization behaviors

The DSC curves for FeggB;,C;, Fegs5B,C;Cugs and
Fegs sB;CsSi1Cug s melt-spun ribbons are showed in Fig. 3. It can be
seen that the crystallization process includes two stages. Accord-
ing to former research results [23], it has been confirmed that the
first crystallization onset temperature (Ty;) and the second one
(Ty2) represent the precipitation temperature of a-Fe phase and
Fe-B compounds, respectively. But unlike the Fegy ,B10CsCuy alloy
system, the Ty; of FegssB7C;Cugs alloy occurs at 349 °C, which is
higher than the FeggB,C7 alloy (345 OC) The F6354587C65i1CU0.5 al-
loy exhibits a slightly lower T,; compared to FegssB;C;Cugs sam-
ple, but Ty, increases dramatically from 470 °C to 505 °C. Thus the
temperature difference (AT,) between T,; and Ty, expands, re-
flecting that the FegssB;CgSiiCugs alloy exhibits a better thermal
stability, which is advantageous for synthesizing nanocrystalline
alloy with good soft magnetic properties. As the large temperature
interval advantages the formation of soft magnetic a-Fe nano-
crystalline phase without any precipitation of nonferromagnetic
phases, which deteriorates the softness of the alloys [25,26].

In order to investigate the dynamics of crystallization process, a
crystallization activation energy measurement with different
heating rate of 10, 20, 30 and 40 °C/min is carried out. Activation
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Fig. 3. DSC curves for FeggB,C7, FegssB;C;Cugs and Fegs5B;CgSi;Cugs melt-spun
ribbons.
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Fig. 4. Kissinger plots of (a) FeggB,C5, (b) Fegs sB7C;Cugs and (c) Fegs sB;CsSi1Cug s
alloys.

energy of both exothermic peaks can be calculated by the Kissin-
ger's equation [27].

ln(T—2)= ln(ﬁ) - Inv+ Ea
B R RT (1)

Where /3 is the heating rate, E, is the activation energy, v is the
frequency factors and R is gas constant. Fig. 4 shows the Kissinger
plots of In(T?//3) versus 1/T for (a) FegsB;C5, (b) FegssB;C;Cug s and
(c) FegssB;CgSiiCugs alloys. Where the symbols Ey,—Eyc and
Epa—Epc stand for Kissinger plots corresponding to the crystal-
lization onset temperature and the peak temperature of the first
exothermic peak for the selected composition alloys, respectively.
Accordingly, the apparent activation energy can be calculated
through the slope of E,/R, as marked in the figure.

As it is well known, the crystallization onset temperature is
considered to be associated with the nucleation process, and the
peak temperature is with the growth process. Therefore, the ac-
tivation energy deduced from the crystallization onset tempera-
tures and the peak temperatures correspond to nucleation and
growth, respectively [28,29]. According to the result, the value of
E, for the selected alloys is lower than that of E,,, implying that the
nucleation processes are easier than the growth processes. The Ey
of Fegs sB;,C;Cug 5 alloy is 159 k J/mol, which is higher than that of
FeggB,C7 alloy (149 k J/mol). The result indicates that Cu addition
makes nucleation harder, hence improves the glass-forming abil-
ity. The Fegs 5B;CsSi;Cug s alloy exhibits a maximum E,, of 177 k ]/
mol, implying that Si substitution makes nucleation growth more
difficult, and hence improves its thermal stability.

3.3. Microstructures and magnetic properties of nanocrystalline
alloys

A series of annealing temperature (T,) range from 370 °C to
450 °C were selected for FeBCSiCu alloy system. It was found that
H. exhibited a minimum value near 430 °C. So the proper T, was
finally fixed at 430 °C. Fig. 5 shows the dependence of H. on an-
nealing time (t) for FegssB;C;Cups and FegssB,CgSiiCugs alloys.
Here the values of H, are calculated by averaging three specimens
annealed in the same condition. It is seen that for both alloys, H.
decreases gradually and reaches the minimum at t=90s. After
that, the H. of Fegs 5B;C;Cug s alloy increases rapidly as t increases.
While for Fegs sB,CgSi;Cug s alloy, H:. shows a slow increasing trend
due to the better thermal stability. According to the result, we
determined t as 90 s.

Fig. 6 shows the XRD patterns of FegssB;C;Cugs and
Fegs sB,CgSi;Cug s alloy ribbons annealed at 430 °C for 90s. As a
result, a crystalline phase identified as «-Fe superimposes on that
of the amorphous phase for FegssB;C;Cug s alloy. But the diffrac-
tion intensity is weak and the volume fraction of crystalline phase
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Fig. 5. The dependence of H. on annealing time for FegssB;C;Cugs and
Fegs 5B7CsSi1Cug 5 alloys.
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Fig. 6. XRD patterns of FegssB,C;Cugs and FegssB;CsSijCugs alloy ribbons an-
nealed at 430 °C for 90 s.

Fig. 7. HRTEM image and SAED pattern of Fegs 5B;C;Cug s alloy annealed at 430 °C
for 90 s.

is small, so the grain size cannot be estimated. For further un-
derstanding the microstructure, TEM and SEAD analyses are car-
ried out for Fegs 5B;C;Cug s annealed alloy. The result is showed in
Fig. 7. The HRTEM image reveals that the microstructure consists
of residual amorphous phase and «a-Fe grain that is embedded in
the amorphous matrix phase. The grain size is from 5 to 10 nm.
The SAED pattern shows only a few spots scatter in the diffraction
rings, indicating the precipitation of «-Fe nanocrystals is small,
which is consistent with the XRD result. As for the
Fegs sB;CsSi1Cug s annealed alloy, obvious crystalline peak corre-
sponding to (110) -Fe phase is detected. The grain size estimated
on Scherrer's equation is 15nm and the volume fraction of
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Fig. 8. The dependence of core loss (P) on maximum magnetic flux density (B,,) for
Fegs5B7C7Cups and Fegs5B7CsSi;Cups nanocrystalline alloys at 400 Hz, together
with that of a toroidal core of oriented 3 mass% Si-steel.

Table 1

Magnetic properties of Fegs sB;C7Cug s and Fegs sB;CSi1Cug s nanocrystalline alloys
under several conditions are compared with those of Feg3BioCsCuy,
Fe;35Cu;NbsSiy35Bg, Fegs7CuisBiag and Fegs3SisBgP4Cup; nanocrystalline alloys
and commercial oriented 3 mass% Si-steel.

Alloys Bs (T) Hc (AJm) Pigjs0 P10/400 Pioj1k
(Wlkg)  (W/kg)  (W/kg)
Fegs 5B7C7Cug s 1.81 30 1.08 14.4 42.3
Fegs 5B7C6Si1Cug s 1.80 10 0.35 4.4 14.6
Feg3B10CeCuy [23] 1.78 5 0.34 43 12.5
Fe735Cu;Nb3Siy3sBg [1] 1.24 0.53 P20k
=21
Fegs 7Cuy5Biag [14] 182 7 Pis/50
=0.38
FegsSioBsP4Cuy [18] 1.85 6 Pis/50
=0.39
Oriented 3 mass% Si-steel 2.03 8 0.41 7.9 271
[30,31]

crystalline phase calculated from {110} plane is about 15%. Hence,
the addition of both Cu and Si promotes the precipitation of -Fe
phase and leads to a fine nanostructure. That can be explained by
the reason that the activation energy of nucleation for
Fegs.5B,CeSi;Cug s alloy is 156 k J/mol, which is lower than that of
Fegs sB;C;Cug s alloy. The lower apparent activation energy makes
the nucleation of a-Fe easier. Meanwhile, Si substitution improves
the thermal stability of the alloy, which is beneficial for homo-
geneous precipitation of o-Fe nanocrystals without fast growth.

Fig. 8 shows the dependence of core loss (P) on maximum
magnetic  flux density (B,) for FegssB,C;,Cups and
Fegs sB;CeSi1Cug s nanocrystalline alloys at 400 Hz, together with
that of a toroidal core of oriented 3 mass% Si-steel. Here the Si-
steel used for comparison is the conventional grain-oriented (CGO)
steel with 0.23 mm in thickness. Due to the high H,
Fegs sB,C;Cug s alloy exhibits high P and a fast increasing trend as
B, increased. However, the FegssB,CgSi;Cugs alloy exhibits ob-
viously lower H. and P according to the homogeneous precipita-
tion of a-Fe grain, which decreases the overall magnetocrystalline
anisotropy. What is more, the increasing rate of P against B, for
this nanocrystalline alloy is small even when B,, > 1T, which
means the Fegs5B;CgSi;Cugs alloy can be used in high magnetic
flux density and frequency.

Table 1 lists the Bs, H. and P of Fegss5B;,C;Cugs and
Fegs 5B;CsSi1Cug s nanocrystalline alloys under several conditions
are compared with those of Feg3B19CgCuy [23], Fe;35Cu;NbsSij35Bg
[1], Fegz7CuysB1as [14] and FegsSi;BgP4Cu; [18] nanocrystalline
alloys and commercial oriented 3 mass% Si-steel [30,31]. Here, the
symbols Pig;50, Pioja00 and Pigj1x stand for core losses at 1T at
50 Hz, 400Hz and 1 kHz, respectively. It can be seen that

compared with Feg3B9CsCu; alloy, this alloy system exhibits a
higher B due to the higher Fe content and precipitation of a-Fe
grain. The value of B is 1.81 T for Fegs 5B7C;Cug s, which is as high
as that of Fegs;Cu;sBq4g alloy and much higher than that of
Fe;3.5Cu1NbsSiq3 5Bg alloy. But the H. is as high as 30 A/m, though
the grain size D of the alloy is small (5-10 nm). The result seems to
be inconsistent with Herzer's random anisotropy model [5,6],
which proposed the increasing rate of H, is almost proportional to
DS in nanocrystalline alloy systems. The reason is that the volume
fraction of crystalline phase is too low to decrease the overall
magnetocrystalline anisotropy, for high density a-Fe nanocrystals
are required for strong magnetic exchange coupling, which is ne-
cessary to average out the magnetocrystalline anisotropy [13,32].
And former research result has confirmed that magnetoelastic
anisotropy determined by mangetostriction and stress also has an
effect on the coercivity [20]. As for the FegssB;CgSi;Cugs nano-
crystalline alloy, the addition of both Cu and Si has promoted the
precipitation of a-Fe phase and made the alloy a fine micro-
structure. Therefore, the overall magnetocrystalline anisotropy is
effectively decreased and thus, the alloy exhibits a much lower Hc
of 10 A/m. What is more, the FegssB;CgSi;Cugs nanocrystalline
alloy also exhibits a high Bs of 1.8 T, low core loss Pjg;50 of 0.35 W/
kg, which is about 85% that of oriented 3 mass% Si-steel. And the
advantage of core losses at higher frequencies, such as Pyo400 and
P1oj1x, compared to those of commercial oriented Si-steel is ob-
vious. What is more, the low material cost and convenient pro-
ductivity because of not-containing easily-oxidized metal ele-
ments or volatile elements make this nanocrystalline alloy an
economical application in industry.

4. Conclusions

In conclusion, high Fe content FeBCSiCu alloy system with se-
lected composition of FeggB;C;,  FegssB;C;Cups  and
Fegs sB;CsSi1Cug 5 alloy is investigated. It is found that Cu addition
inhibits the surface crystallization and improves the glass-forming
ability of FeggB;C; alloy. While Si substitution promotes the pre-
cipitation of Fe-B compounds and improves the thermal stability
in FegssB,CsSiiCugs alloy. The result is finely in agreement with
the crystallization activation energy investigation, as the
Fegs 5sB7CsSi1Cug 5 alloy has a maximum E, of 177 k]/mol. The ad-
dition of both Cu and Si also promotes the precipitation of a-Fe
phase and makes the alloy a fine microstructure. Therefore, the
Fegs sB;CsSi1Cug s nanocrystalline alloy exhibits excellent magnetic
properties such as high B of 1.8 T, low H. of 10 A/m and low Pq;s0
of 0.35 W/kg.
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