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Effect of heating rate during primary crystallization on soft magnetic
properties of melt-spun Fe-B alloys
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The structural and magnetic properties of amorphous Fe87 − yB13Cuy (y = 0 to 1.5) annealed with a range of
heating rates (α) up to 150 K/s were investigated. The lowest coercivity (Hc) for Fe87B13 after crystallization
shows a dramatic decrease from 174 A/m to 6.7 A/mwhenα is increased from 1.7 K/s to 150 K/s. The coercivity
of Fe87 − yB13Cuy annealed at 150 K/s is reduced by Cu addition and Hc = 3.0 A/m is obtained at y= 1.5. Nano-
structureswith a grain size of 15 to 20 nmwere evident in transmission electronmicrographs from these rapidly
annealed alloys.
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1. Introduction

Crystallization of Fe-based amorphous precursors has been known
to be an effective processing route for preparing magnetically soft mi-
crostructures [1–7] where bcc-Fe nanocrystallites are embedded in an
amorphous matrix [8]. The magnetic softness in these nanocrystalline
materials is due to the exchange-softening effect [9,10] under a condi-
tion where the grain size is smaller than the exchange correlation
length. An advantage of such Fe-based nanocrystalline alloys is that
the reduction of the intrinsic magnetocrystalline anisotropy (K1) is no
longer an essential requirement for the magnetic softness. Hence, the
content of nonmagnetic additives can be lower in nanocrystalline soft
magnetic materials as compared with those of the conventional crystal-
line alloys. This potentially leads to a higher saturation magnetization
(Ms) in the nanocrystalline alloys. Still, the vast majority of nanocrystal-
line soft magnetic alloys developed to date contain a considerable
amount of nonmagnetic elements because additives such as P [7], Nb
[1,2] and/or Cu [1,2,4–7] are needed for the formation of homogeneous
nanostructures and thus, their highest saturation magnetization re-
mains approximately 1.85 T [6,11].

It is known [12] that the technicalmagnetic properties of soft [13,14]
and hard [15–17] magnetic materials prepared from precursor
amorphous alloys often depend on the heating rate during annealing
processes. It has been demonstrated for an amorphous Fe90Zr7B3 alloy

that the average grain size after primary crystallization decreases from
19.3 nm to 13.3 nm by increasing heating rate from 0.042 K/s to
3.3 K/s [13]. As a result, the initial permeability of this nanocrystalline
alloy at 1 kHz was enhanced by 10-fold to 22,000. Recently, a high
heating rate above 100 K/s was realized by using a pair of preheated
Cu blocks for annealing [18,19]. This rapid heating technique opens
the possibility for significant reductions of nonmagnetic additives in
Fe-based nanocrystalline soft magnetic alloys because the grain refine-
ment is promoted by the heating process. In this study, to explore the
potential of rapid annealing in nanocrystalline soft magnetic materials,
we have investigated the effect of heating rate during primary crystalli-
zation on the structural and soft magnetic properties of Fe-B based
melt-spun alloys.

2. Experimental procedures

Ingots of Fe100 – x− yBxCuy (x=13 to 17; y=0 to1.5)were prepared
by an Ar-arc melting furnace. Amorphous ribbons with a thickness of
approximately 15 μm were prepared from these ingots by single-roller
melt spinning in an Ar atmosphere. The melt-spun ribbons were
annealed both conventionally at 1.7 K/s by using an infrared furnace
under a reduced pressure (b10−2 Pa) and also rapidly using a pair of
preheated Cu blocks under a N2 atmosphere. The heating rate in the
latter method was moderated between 3 and 150 K/s by adding thin
alumina fiber sheets between the sample and the block. As-cast and
annealed structures were examined by x-ray diffraction (XRD) and
transmission electron microscopy (TEM); a FEI Tecnai-T20 TEM
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operated at 200 kV was used. XRD patterns were also used for estimat-
ing the average grain size; the instrumental broadening effect on the
goniometer was corrected by using a pure-Fe sample annealed at
1273 K for 28.8 ks. Differential thermal analysis (DTA) was carried out
at a constant heating rate of 0.67 K/s. The saturation magnetization
(Ms) and coercivity (Hc) were measured by a vibrating-sample magne-
tometer (VSM) and a dc B-H tracer.

3. Results and discussion

Fig. 1(a) shows the bright-field electron micrograph and the corre-
sponding selected area diffraction pattern for the melt-spun Fe87B13

alloy. The microstructure is free of crystallites and the diffraction pat-
tern exhibits a halo pattern, confirming the formation of an amorphous
phase bymelt-spinning. In our experiment, 13 at.% was theminimum B
content for obtaining fully amorphized melt-spun ribbons. In Fig. 1(b)
we show the DTA curves for amorphous Fe100 − xBx (x = 13 to 17) al-
loys. Two exothermic peaks are seen on all the DTA curves except
x = 17. The crystallization behaviours of amorphous Fe-B alloys have
been studied extensively [20,21] and the first exothermic reaction of
this two-step process is a well-known example of primary crystalliza-
tion where bcc-Fe crystallites start to precipitate in an amorphous ma-
trix. The second exothermic peak arises from the decomposition of
this residual amorphous matrix and Fe3B and/or Fe2B compounds
form during this second-stage reaction. The onset temperature of pri-
mary crystallization shows a tendency to increase with B content
while the trend is opposite for the secondary crystallization reaction.
As a result, the onsets of the two reactionsmeet for x=17 and the crys-
tallization process becomes single-step, resulting in the formation of
bcc-Fe and Fe3B concurrently upon crystallization. Hence, the largest
temperature interval between the two reactions is seen for x = 13 in
the Fe100 − xBx alloys. In Fig. 1(b) the DTA curve obtained from amor-
phous Fe85.5B13Cu1.5 is also shown. The onset temperatures of primary
crystallization for this alloy is lower than that of the Cu-free Fe87B13

alloy, resulting in a larger temperature interval between the two exo-
thermic reactions. This effect of Cu addition is readily understood by
the well-known Cu cluster formation [8,22] with which the kinetics of
heterogeneous nucleation is accelerated significantly upon primary
crystallization.

Fig. 2 shows the change in the coercivity (Hc) as a function of anneal-
ing temperature (Ta) for amorphous Fe87B13 and Fe85.5B13Cu1.5. These
two alloys are chosen primarily because they exhibit large temperature
intervals between the primary and secondary crystallization reactions.
A large temperature interval between the two crystallization reactions
is ideal for the formation of a magnetically-soft microstructure where
bcc-Fe grains are embedded in a residual amorphous phase. Both
the amorphous alloys were annealed conventionally with a constant

heating rate of 1.7 K/s and also rapidly by a pair of preheated Cu blocks
under a N2 atmosphere. The average heating rate of the latter is 150 K/s
between 670 K and 710 K where primary crystallization starts to takes
place. The annealing time for the conventional and rapid annealing
was 300 s and 3 s, respectively. The results of structural characterization
on annealed samples by means of X-ray diffraction and TEM are also

Fig. 1. (a) Bright-field transmission electronmicrograph and selected area diffraction pattern for melt-spun Fe87B13 and (b) differential thermal analysis curves for amorphous Fe100 − xBx
(x= 13 to 17) and Fe85.5B13Cu1.5.

Fig. 2.Change in coercivity (Hc) as a function of annealing temperature (Ta) for Fe87B13 and
Fe85.5B13Cu1.5 with a heating rate of (a) 1.7 K/s and (b) 150 K/s.
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