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similar atomic radius with the main constituent Fe. The minor Cu substitution (<1 at.%) can substantially increase
the GFA of Fe-based amorphous alloys with the primary phase that is not o-Fe (110) type phase. Using this strat-
egy, Fe-based amorphous alloys with both high saturation magnetization and good GFA were developed. Our re-
sults reveal that the formation of competing crystalline phases is beneficial for the GFA. We anticipate that this
work may guide the way for designing new Fe-based amorphous alloys with high saturation magnetization
and large GFA concurrently.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Owing to the combination of high saturation magnetization, high
permeability, and the low cost of manufacture [1], the high Fe content
amorphous alloys, especially at.% of Fe > 83% [2,3], have attracted
great research interests ever since their first synthesis. They are inher-
ently strong and have promising applications in toroidal cores, choke
coils, power transformers, etc. [4]. Unfortunately, most of them were
limited to thin ribbons with thickness less than 15 pum, since the critical
cooling rate that required to hinder the crystallization of these alloys
was generally larger than order of 10°-10° K/s [5]. Actually, the synthe-
sis of Fe-based amorphous alloys with high glass-forming ability (GFA)
has always been one of the most important scientific interests [6-9]. The
widely used strategy to couple the attractive properties of Fe-based
amorphous alloys with good GFA is introducing multiple metallic or
metalloid elements with negative heat of mixing and/or a prominent
atomic size mismatch with the main constituent Fe [10-12]. However,
the reduction of Fe inevitably leads to the deterioration of magnetic
properties, especially the saturation magnetization [8,13,14]. Therefore,
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it poses a serious challenge to develop Fe-based amorphous alloys with
high saturation magnetization and good GFA concurrently.

In this paper, we report a novel approach that allows us to enhance
GFA of high Fe content amorphous alloys by minor substitution of Cu,
which has a large positive heat of mixing (+ 13 kJ/mol) [15] and similar
atomic radius (0.124 nm) [16] with the main constituent Fe. Using this
systematic approach, we can develop Fe-based amorphous alloys con-
taining high iron content without deteriorating their good GFA and
magnetic performance. Our approach reveals that the formation of com-
peting crystalline phases is beneficial for the GFA, and might provide
guidance to design new Fe-based amorphous alloys with high satura-
tion magnetization and large GFA concurrently.

2. Experiments

Fe-based alloys ingots with nominal composition of Fe;, _
B19_25i4_8Nb4Cux (X = 0, 01, 02, 03, 04, 06, 08, 10), Feg4 — bezB]4CUX
(x=10.0,05,1.0and 1.5) and Fe_,  B;C;Cuy (x = 0.0,0.5,0.7 and 1.0)
were prepared by arc-melting a mixture of pure Fe (99.99%), Nb
(99.99%), B (99.5%), Si (99.999%), Cu (99.99%) and pre-alloyed Fe-C
alloy in a highly purified argon atmosphere. The alloy ribbons and cylin-
drical rods were produced by single-roller using melt spinning method
and copper mold casting method, respectively. The crystallization tem-
perature (Ty) of as-quenched ribbons was measured by differential
scanning calorimetry (DSC, NETZSCH 404C) with a heating rate of
0.67 K/s. Crystallization treatment was carried out by treating the as-
quenched amorphous specimens at different temperatures under
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vacuum followed by water quenching. Microstructure was examined by
X-ray diffraction (XRD, Bruker D8 Advance) with Cu Ko radiation.

3. Results and discussion

Fig. 1 shows the effects of Cu substitution on the crystallization be-
havior in Fe;, _ XB]9_25i4_3Nb4CUx (X =0,0.1,0.2,0.3,04, 0.6, 0.8, 10)
alloys. The small Cu-addition yields two clearly separated peaks that as-
sign to the first crystallization peaks Ty, and Ty,. The separation between
the two peaks is practically insensitive to the further increase of the Cu
content beyond a small, critical concentration ~ 0.3 at.%, as displayed in
Fig. 1(a). Itis known that the primary phase of the Cu-free glassy alloy is
Fe,3Bg phase. Although the first crystallization peak was the same from
x =0.0tox = 0.3, as shown in Fig. 1(b), the primary phase changed into
a mixture of Fep3Bg and bcc-Fe phases by increasing Cu content from
x = 0.1t0 0.3, as shown in Fig. 1(c). However, from Fig. 1(d), the diffrac-
tion peaks of x = 0.4 alloy annealed for 600 s at 900 K correspond exclu-
sively to the bcc-Fe phase. Therefore, the Cu-addition yields two
separated the first crystallization peaks corresponding to the primary
crystallization of bce-Fe at Ty; and, subsequently, to the precipitation
of Fe,3Bg compounds at Ty,. The decrease of the onset temperature for
the first crystallization stage reflects that the Cu substitution apparently
lowers the configurational energy of the subcritical nucleus.

Based on the present and previous results [ 17], the effect of Cu on the
process of primary phase in the alloy is schematically presented as
shown in Fig. 2. The initial amorphous phase is the chemically uniform
amorphous solid solution and the primary phase of the Cu-free glassy
alloy is Fep3Bg phase. As the amount of Cu goes up, the concentration
of Cu in the clusters increases, and their structure becomes more like
fcc. Because Cu has a large positive heat of mixing with respect to Fe
[15], Fe atoms are rejected from Cu clusters and would pileup at the
Cu/amorphous interface [18]. Then heterogeneous nucleation at the
Cu/amorphous interface would be chemically more favorable than ho-
mogeneous nucleation inside the amorphous phase. The heterogeneous

1000
N
w960} (@)
S sz

d .
3 oo} * ® é
<

53

E' 880} @@ T
S Al
.5 840 -
T
N800
E

E’\‘ 760 1 1 1 1 1 1
5 0.0 0.2 04 0.6 0.8 1.0
Cu content (x)

I (¢)  Fe,B,,Si,NbCu 6 aaFe
,:_; o v Fe B/
.2

2 v 900Kx600s *
=

L

=

=

As-quenched

20 30 40 50 60 70 80 90
26 (deg.)

Fe23B6 type+a-Fe type

Fe23B6 type +— a-Fe type

Free Energy —

e

Amount of Cu

Fig. 2. The free energy diagram for Fe;, _ yB19,SissNb4Cuy alloys.

nucleating potential barrier is smaller than homogeneous nucleating
potential barrier [19]. Meanwhile, the Cu particle in amorphous alloys
has the nearest neighbor structure similar to the fcc-Cu. The fcc-Cu
(111) and bcc a-Fe (110) have very good matching [20]. Therefore, -
Fe (110) will be nucleated on the fcc—Cu (111) surface which can pro-
vide a low interfacial energy, i.e., Cu substitution can facilitate the segre-
gation of a-Fe (110) phases. In addition, the Fe,3Bg phase has a complex
face-centered cubic structure with a large lattice parameter of more
than 1 nm including 96 atoms [21], and its precipitation from the
network-like glassy structure requires high energy and long-range
atomic rearrangements of constituent elements. The competitive for-
mation of the Fe,3Bg and a-Fe (110) leads to the glassy phase upon
the devitrification is drastically impeded. In consequence, the formation
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Fig. 1. Effects of Cu on the crystallization behavior in Fe;, — xB192SiagNbsCuy (x = 0, 0.1, 0.2, 0.3, 04, 0.6, 0.8, 1.0) alloys. (a) Onset temperatures for crystallization, T, vs. Cu content.
(b) DSC curves of the melt-spun Fe7; gB19Sis sNb4Cug and Fe7 6B192Sis sNb4Cug 4 amorphous ribbons. (c) XRD patterns of the melt-spun Fe;; gB1gSis sNbsCug, samples as quenched
and annealed for 600 s at 900 K. (d) XRD patterns of the melt-spun Fe;; 6B192Si4sNbsCug 4 samples as quenched, annealed for 600 s at 900 K and 1000 K.
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of competing crystalline phases is beneficial for the GFA [22] and the de-
vitrification of Fe;; 7B192Si48Nb4Cug 3 alloy will possess a higher GFA.

In order to confirm the above analysis, we check the maximum
attainable diameter for glass formation as a function of the Cu contents
and the corresponding XRD patterns for the as-cast rods, as shown in
Fig. 3. It clearly demonstrates that GFA of the alloys is sensitive to the
Cu content. As shown in Fig. 1, doping 0.3 at.% Cu in the alloy
Fe;1.7B192Si48Nb4Cug 3 apparently improves the GFA so the critical di-
ameter is increased from 1.5 mm to 2.0 mm. However, excessive Cu
doping (e.g., 0.8 at.%) reduces the GFA, which is consistent with above
prediction. Furthermore, we also check the effects of Cu substitution
on the crystallization behavior in Fe7 _ xB192Si4gNb4sCuy (x = 0.1, 0.3,
and 0.8) alloys in the solidification processes. Fig. 4 shows the XRD pat-
terns of the Fe;, _ xB192SisgsNbsCuy rods (x = 0.1, 0.3 and 0.8) with dif-
ferent diameters. It is found that the primary phase of the Cu-free glassy
alloy is Fe,3Bs phase. However, the primary phase changed into o-Fe
phase by further increasing Cu content above x = 0.3. Although the
first crystallization peak was the same for Fe;, _ xB192SisgNbsCuy
rods (x = 0.3, 04, 0.6 and 0.8), the refined a-Fe grains are more easily
obtained for Fe;; 3B192Si48Nb4Cugg alloy.

From the above analysis, we can conclude that minor substitution Cu
in content (<1 at.%) can substantially change the GFA of Fe-based amor-
phous alloys with the primary phase that is not c-Fe (110) phase. It has
been reported that the high iron content alloys Feg4Nb,B14 [23] and
FeggB;C7 [24] exhibit high saturation magnetization, but a rather poor
GFA, which limited their applications unfortunately. The primary phases
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Fig. 3. (a) XRD patterns of the as-cast rods with the maximum diameters for the
Fes, — xB192SiagNbysCuy (x = 0, 0.1, 0.2, 0.3, 0.4, 0.8) alloys. (b) XRD patterns of the
Fes; — xB192SiggNbsCuy rods (x = 0.1, 0.3 and 0.8) with different diameters.
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for these two alloys are determined as a-Fe (200) and Fe5C, respective-
ly. Here, we expect to enhance their GFA by doping minor substitution
Cu using the above strategy. Fig. 4(a) and (b) shows the XRD patterns
of as-quenched Fegy _ yNbyB14Cuy (x = 0.0, 0.5, 1.0 and 1.5) and
Fegs — xB7C;Cuy (x = 0.0, 0.5, 0.7 and 1.0) alloys, respectively. As
shown in Fig. 4(a), Fegq — xNb,B14Cuy specimens without Cu substitu-
tion show the sharp crystalline peaks on the main diffraction maximum,
suggesting that the samples are partially amorphous with some crystal-
line phases. However, there are no discernible crystalline peaks on the
XRD patterns of the as-quenched Fegs sNbyB;4Cug 5 and FegsNb,B4Cuy
samples with ~25 um thickness, suggesting that the alloy with 0.5 and
1.0 at.% Cu substitution is amorphous (within the limits of XRD
resolution—some scarce dispersed nanocrystals cannot be fully exclud-
ed). Further increasing the Cu content to x = 1.5 leads to the crystalline
peaks corresponding to a-Fe phase on the main halo, indicating that the
sample consists of both amorphous and crystalline phases. These results
indicate that the new alloys with 0.5 and 1.0 at.% Cu substitution have
much better GFA than the original Feg4Nb,B14 base alloy. Similarly, it
also can be seen from Fig. 4(b) that the Fegg _ xB,C;Cuy specimens with-
out Cu substitution show a number of sharp crystalline peaks on the
main diffraction maximum, suggesting that the samples are partially
amorphous with some crystalline phases. In contrast, there are no dis-
cernible crystalline peaks on the XRD pattern of the as-quenched
Fegs sB7C;Cug s samples with ~25 pm thickness, suggesting that the
alloy with 0.5 at.% Cu substitution is amorphous. Further increasing
the Cu content from x = 0.7 to x = 1.0 also leads to a number of
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Table 1

Summary of the data on some Fe-based amorphous alloys.
Primary compositions Critical amorphous thickness Primary crystallization phase Optimal amount of added elements (at.%) Critical thickness References
Fe;,B19.2Si48Nby 1.5 mm Fe,3Bg 0.3 2 mm This work
Feg4Nb,B14 <15 um a-Fe (200) 0.5 25 um This work
FegsB,C7 <15 um FesC 0.5 20 pm This work
FegaP10Ce <15 um FesP 0.5 25 um [25]
Fe;6C;Si33BsPg 7 1.0 mm Fe,3(CB)g 0.3 3 mm [26,27]
Fe6SioB10Ps 2.5 mm Fe,3Bg 0.2 2.5-3.0 mm [28]
Fe;6.5C6S3.3B55Ps7 1.0 mm Fey3Bs 0.5 2.0 mm [29]

crystalline peaks corresponding to a-Fe and Fe;C phases superimposed References

on the main halo, indicating that the sample consists of both amorphous
and crystalline phases. These results, therefore, demonstrate that the
new alloy with 0.5 at.% Cu substitution has a much better GFA than
the base alloy, which is consistent with above prediction.

Moreover, we further revisited the literatures about the enhanced
GFA by tuning the glass compositions to check whether this concept
also works for other Fe-based amorphous systems. Table 1 lists some
typical Fe-based amorphous alloys and their improved GFA by minor
Cu substitution. It can be found that the substitution of minor Cu by
the main constituent Fe in different alloys also improves the GFA.
Most importantly, the GFA improved alloys still possess a high iron con-
tent, confirming that the Fe-based amorphous alloys with good GFA and
high saturation magnetization concurrently could be designed by slight
tuning the Cu content.

4. Conclusions

In this paper, the enhanced GFA of high iron content amorphous alloys
can be attributed to the minor substitution of Cu according to the forma-
tion of competing crystalline phases. Thereby, Fe-based amorphous alloys
with high iron content and good GFA can be developed by this strategy.
This work can provide guidance to design new Fe-based BMGs with
high saturation magnetization and large GFA concurrently.
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