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e ribbons Nd2Fe14B/Fe-Co were prepared with the nominal composition Nd16Fe76B8/40% wt. Fe65Co35 by the conventional
and the developed magnetic �eld-assisted melt-spinning (MFMS) techniques. Both ribbons are nanocomposites with the smooth
single-phase-likemagnetization loops.
e 0.32 Tmagnetic �eld perpendicular to the wheel surface and assisting themelt-spinning
process reduces the grain size inside the ribbon, increases the texture of the ribbon, improves the exchange coupling, and, in
sequence, increases the energy product (BH)

max
of the isotropic powdered samples of MFMS ribbon in ∼9% by comparison with

that of the ribbon melt-spun conventionally. 
e grain size reduction eect caused by the assisted magnetic �eld has also been
described quantitatively. 
e MFMS technique seems to be promising for producing high-performance nanocomposite ribbons.

1. Introduction


ehigh-performance nanocompositeNd-Fe-B ribbons have
been studied for almost 30 years focusing on the phase mix-
tures, changing the ratio of component elements of the origi-
nal alloy, and changing the conditions of melt-spun process
in order to create an appropriate hard/so� nanocomposite
microstructure with an improved anisotropy for the ribbons.
In general, the values of (BH)max could be beyond the
threshold value of 20MG.Oe, butmainly they are in the range
of 12–18MG.Oe [1–6].

Several works reported the (BH)max threshold value
by using complicated technologies [7–11]. 
e value of
20.3MG.Oe was achieved in [7] by using a multielement
original alloy (Pr, Tb)2(Fe, Nb, Zr)14B/�-Fe and a strict
control of microstructure to get a uniform distribution of �-
Fe, but the repeat of this technology faces many di�culties. A
stringent control of the heating temperature of the starting
alloy at 1360∘C was required to prepare the ribbons with

the (BH)max = 21MG.Oe [8]. 
e value of 22MG.Oe was
obtained in [9] by controlling the excess amount of FeCo in
the starting alloy Nd9.5(Fe�Co�)B5.5. 
e (BH)max of about
20–22.5MG.Oe for rapid quenched ribbonswas also reported
in [10]. However, to achieve these values, the authors used
the combination of doped Pr, Dy, and Co. 
ese elements
increase the degree of freedom and thus reduce the stability
of the technology. 
e value of 26.2MG.Oe found for as-
spun Pr8Fe75Co10NbB5C can be assumed to originate from
the doped Pr, Co, Nb, and C elements and the homoge-
neous distribution of NbC phase at grain boundaries of the
hard magnetic grains [11]. 
ese high-performance above-
mentioned samples were di�cult to be employed.

Recently, the hard magnetic shell/so� magnetic core was
prepared easily by the magnetic �eld assisted melt-spinning
technique [12]. For Nd-Fe-B system, during the �eld assisted
melt-spinning process, the �-Fe seeds are formed initially
on the wheel surface, and the hard magnetic Nd-Fe-B grains
are then grown on the seeds along the temperature gradient
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perpendicular to the ribbon plane. 
is process creates (00l)
texture of the ribbons as mentioned in [12], and the magnetic
�eld increases the volume energy of seeds and thus decreases
their critical size and, consequently, decreases the average
grain size.


is paper presents the recent research results for the
nanocomposite Nd2Fe14B/Fe-Co ribbons prepared by the
conventional and the magnetic �eld assisted melt-spinning
techniques.
eNd16Fe76B8 and Fe65Co35 alloys were used as
the starting alloys for themelt-spinning process instead of the
single alloyNd-Fe-Co-B.
e alloyNd16Fe76B8 allows to form
the matrix of the phase Nd2Fe14B with the Nd-rich phase
located on the grain boundaries [13]. 
e Fe65Co35 alloy is
considered as the addition of a highmagnetization so� phase.

e role of the magnetic �eld assisting the melt-spinning
process in reducing the grain size, enhancing the ribbon
texture, and improving the energy product of nanocomposite
Nd-Fe-B/Fe-Co ribbons will be shown and discussed in
detail.

2. Materials and Methods


e prealloys with the compositions of Fe65Co35 and
Nd16Fe76B8 were arc-melted from the starting high-purity
99.9% metals Nd, Fe, Co, and FeB alloys under Argon
atmosphere. 
e ingots were melted three times to obtain a
high-homogeneity. In a typical procedure, the total amount
of ∼20 g of these prealloys was melt-spun onto a cooper
wheel under 0.05MPa Argon atmosphere from a quartz tube.

e copper wheel has been equipped with the magnetic
�eld oriented perpendicular to the wheel surface. 
e �eld
strength measured directly on the wheel surface is 0.32 T.

e quartz tube ori�ce diameter was �xed at 1.0mm, and
the distance between the nozzle and the wheel surface was
kept constant by 5mm. 
e composition and structure were
examined by X-ray diraction (XRD) patterns carried out
by using SIEMENS D5000 X-ray diractometer with Cu-
K� radiation.
e phase composition analysis was performed
by using the JADE so�ware with Rietveld re�nement option
for the patterns with all the diraction peaks taken in the
2� range from 22∘ to 88∘. 
e morphology of the ribbon
was studied by using Hitachi-S4800 �eld emission scanning
electron microscopy (FESEM). 
e hysteresis loops of the
ribbons were measured by the pulsed �eld magnetometer
(PFM) under an applied �eld up to 90 kOe.

3. Results and Discussion

To check the eect of the assisted magnetic �eld on the
melt-spinning process of nanocomposite ribbons, the ribbons
were melt-spun with the weight ratio of the two prealloys
Nd16Fe76B8 : Fe65Co35 = 1 : 0.4. 
e wheel speeds used for
preparing all the ribbons ranged from 25 to 37m/s to �nd
an optimal wheel speed. 
e optimal wheel speeds without
and with 0.32 T magnetic �eld are Vopt(H=0) = 34m/s and
Vopt(H=0.32T) = 30m/s, respectively. 
e main results used
below for highlighting the eect of the �eld have been taken
for the ribbons melt-spun at these optimal speeds.

From the XRD pattern of the powdered sample of Fe-
Co pre-alloy (see Figure 1(a)), one can realize that all the
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Figure 1: XDR diagrams of (a) Fe65Co35 alloy, (b) Nd16Fe76B8 alloy,
(c) melt-spun Nd16Fe76B8/40%wt. Fe65Co35 ribbon without assisted
magnetic �eld, and (d) melt-spun Nd16Fe76B8/40%wt. Fe65Co35
ribbon with assisted magnetic �eld. 
e dashed curves indicate the
phase of Fe65Co35.

diraction peaks were attributed to Fe65Co35 phase and
no other impurity phase was detected. Figure 1(b) shows
the XRD pattern of the alloy arc-melted with the nominal
composition Nd16Fe76B8. 
is alloy contains mainly the
peaks ofNd2Fe14B phase except the peak of the cubic phase of
Nd which appeared at 2-theta angle of 30.59∘. 
e Nd excess
amount of about 3%wt. of Nd16Fe76B8 pre-alloy was derived
from Rietveld analysis and corresponds to the Nd-rich phase
located on the grain boundaries of ribbons.

By using these two prealloys, the Nd16Fe76B8/40%wt.
Fe65Co35 ribbons were melt-spun without and with the
assisted magnetic �eld. 
e XRD patterns of powdered
samples of these ribbons were shown in Figures 1(c) and 1(d).
In these ribbons, the undepressed peak of Nd at 2� = 30.59∘

reveals that the added Fe65Co35 did not react with the excess
of Nd. Furthermore, the added Fe65Co35 atoms are well-
dispersed in the matrix phase of Nd2Fe14B resulting in the
enhancement of the peak intensity ratio between the peaks
(006) and (401), �(006)/�(410), observed in both XRD patterns
shown in Figures 1(c) and 1(d). 
is enhancement is caused
by the superposition of the peak (006) of the Nd2Fe14B phase
and the peak (110) of the fcc Fe/Co phase. It is worthy also to
note that this enhancement is larger for the ribbonmelt-spun
in the assisted magnetic �eld.


e mentioned dispersion and enhancement eects of
the peak ratio can be explained by the fact that during
magnetic �eld assisted melt-spinning (MFMS) process the
so� phase Fe/Co seeds are formed on the wheel surface at
temperature far below their Curie temperatures. Staying in
the ferromagnetic state, these seeds absorb the energy from
the external magnetic �eld resulting not only in the decrease
of their critical size as shown below, but also in splitting
continuous cooling transformation (CCT) diagram into CCT
diagrams of Fe/Co and Nd2Fe14B subsystems [13].


e �eld assisted texture enhancement is clearer to be
seen by comparing the XRD patterns taken on the free surfa-
ces of these ribbons melt-spun with and without a �eld
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Figure 2: XDR patterns of Nd16Fe76B8/40%wt. Fe65Co35 ribbons
taken on their free surface: (a) the ribbon melt-spun without the
assistedmagnetic �eld and (b) the ribbon with the assistedmagnetic
�eld of 0.32 T.

(see Figure 2). 
e strong texture of (00l) peaks has appeared
on the pattern of MFMS ribbon. 
is texture enhancement
of MFMS ribbons was observed also for the single-phase
Nd2Fe14B [12] and nanocomposite Nd16Fe76B8/30%wt.
Fe65Co35 ribbons [13].


e grain re�nement eect of the magnetic �eld assisted
melt-spinning process of the single-phase Nd2Fe14B ribbons
(mentioned in [12]) is also clearly observed in the studied
nanocomposite ribbonmelt-spun in themagnetic �eld 0.32 T
oriented perpendicular to the wheel surface as shown by the
FESEM images of both ribbons melt-spun with and without
the �eld presented in Figure 3. It is commonly recognized that
the grain size is reduced by increasing the wheel speed. So,
naturally, the size of grains of the ribbon melt-spun at 30m/s
must be bigger than that of the ribbon melt-spun at 34m/s,
but this grain size of the ribbon melt-spun at the wheel speed
30m/s is reduced further by the applied �eld of 0.32 T. 
is
�eld eect of reducing the grain size results in the same grain
size in the range of 50–100 nm observed in both ribbons.
Moreover, the grain size distribution of the ribbonmelt-spun
in the �eld is narrower than that of the ribbon melt-spun
without a �eld.


e grain size reduction caused by the magnetic �eld
assisted melt-spinning process can be described qualitatively
as shown below.


e melt-spinning technique creates a nonequilibrium
crystalline growth under a very high undercooling degree,
Δ�, oriented perpendicular to the wheel surface. 
e crys-
talline growth begins with the seed formation which starts
with a solid-liquid interface appearance with the tension �SL ⋅

, where �SL is the tension density and A is the interface area.
By the undercooling degree Δ�, the seed can be developed if
its size is equal to or larger than the critical size �∗ which is
determined from the balance between the surface and volume
energy of seeds; otherwise, if the volume energy cannot be
kept enough, then the seed disappears.
e crystalline growth

(a)

(b)

Figure 3: FESEM micrograph of the as-spun Nd16Fe76B8/40%wt.
Fe65Co35 ribbons: (a) Vopt = 34m/s without the assisted magnetic
�eld and (b) Vopt = 30m/s in the magnetic �eld 0.32 T.

is continued by joining other atoms to the formed seeds. 
e
critical size of the seed is as follows [14]:

�∗ = 3�SL
(Δ� ∗ Δ�) /��

. (1)

Here, Δ� is the latent heat of fusion and �� is the melting
temperature. In the melt-spinning experiments, where the
latent heat of the solidi�cation process is absorbed by the
cooper wheel, the critical size of seeds is also controlled by
the wheel speed as follows:

�∗ = 3�SL
(Δ�vol (V�) ∗ Δ�) /��

, (2)

where Δ�vol is the energy uptake in the volume of seeds,
which is dependent on the wheel thermal absorption ability
�which, in turn, depends on the wheel speed V�.
e relation
between Δ�vol and Δ� is suggested to be

Δ�vol (V�) =
Δ�
� (V�)
. (3)

It is understood that when the melt-spinning process occurs
in amagnetic �eld and if the seed is ferromagnetic, then a part
of volume energy must be changed by the amount of energy
absorbed from the external �eld into the seed volume. It is
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Table 1: 
e summary of parameters of samples: the samples are the powdered ribbons, the self-demagnetization factor � = 0.33, and the
mass density � = 7.6 g/cm3.

Composition
External
magnetic
�eld (T)

Optimal wheel
speed (m/s)

�	
(A ∗m2/kg) �	 (T) �	/�
 ��

(kA/m)
�

(kA/m)

(BH)max

(kJ/m3)

Nd16Fe76B8/
40% wt. Fe65Co35

0.0 34 89.2 0.93 0.61 505 383 128

Nd16Fe76B8/
40% wt. Fe65Co35

0.32 30 92.3 0.99 0.63 675 504 140
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Figure 4: Hysteresis loops of Nd16Fe76B8/40%wt. Fe65Co35 samples
with and without amagnetic �eld. Blue line is�() of ribbons with
ext = 0T and Vopt = 34m/s and red line is�() of ribbons with
ext = 0.32T and Vopt = 30m/s.

easy to be shown that the formula of the critical size of seeds
in this case becomes

�∗ = 3�SL
({Δ�vol (V�) + 0.5 ∗ (� ∗)} ∗ Δ�) /��

. (4)

Equation (4) shows that the critical size of ferromagnetic
seeds decreased by increasing the strength of the external
magnetic �eld assisted melt-spinning process. 
is eect
leads to the decrease of the average size of grains of ribbons
melt-spun in a magnetic �eld in comparison with the case of
ribbons melt-spun without a �eld.


e magnetic properties of powdered melt-spun sam-
ples were shown in Figure 4. 
e hysteresis loops of both
Nd16Fe76B8/40%wt. Fe65Co35 ribbons are nonkink and
smooth indicating the existence of an eective exchange
coupling between the hard and so� magnetic phases.


e eect of the assisted �eld results in increasing the
magnetization �
 and the coercivity �� for the ribbon
melt-spun at 30m/s in the �eld 0.32 T in comparison with
that of the ribbon melt-spun at 34m/s without a �eld. 
is
improvement leads to the higher value of (BH)max, 140 kJ/m

3

of the ribbon melt-spun with the �eld in comparison with
128 kJ/m3 of the ribbon melt-spun without a �eld. All the

parameters of the studied samples were summarized in
Table 1.

4. Conclusions


e nanocomposite ribbons with the nominal composition
Nd16Fe76B8 + 40%wt. Fe65Co35 have been prepared by using
the conventional and the developed magnetic �eld assisted
melt-spinning techniques. 
e experimental data show that
themagnetic �eld perpendicular to the wheel surface reduces
the grain size of the ribbons. 
e �eld strength 0.32 T has
the same eect in reducing the grain size as the wheel
speed increment of 4m/s. Moreover, the �eld also enhances
the texture (00l) and the exchange coupling in the ribbon
melt-spun in the magnetic �eld in comparison with the
ribbonmelt-spunwithout themagnetic �eld, which increases

the energy product by ∼9%, from 128 to 140 kJ/m3. 
e
quantitative description of the �eld eect of the grain size
reduction has also been derived. 
e obtained results reveal
that the magnetic �eld assisted melt-spinning technique is an
advantaged tool for producing high-quality nanocomposite
ribbons.
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