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Abstract. The magnetic field assisted melt-spinning method is a novel approach for producing
anisotropic NdFeB-based ribbons and anisotropic bonded magnets. These anisotropic ribbons are
required to be grown on the magnetized seeds, so the initial composition of the alloys used for melt-
spinning ribbons is very crucial in creating ribbons’ textured microstructures. This paper reveals
the results concerning the choice of alloy compositions containing Nd, Fe, Co and B to optimize
the processing of ribbons with the high texture degree, high spontaneous magnetization, large
coercivity as well the strong exchange-coupling interaction. The guides of producing these ribbons
are presented in detail that are fruitful in a massive production of high-performance NdFeB-based
anisotropic ribbons and magnets prepared thereof.
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1. Introduction

The magnet market is characterized by the growth rate of 8.8% per year, from 14.9 billion
in 2016 to 22.6 billion USD in 2021 associated with the growth of the auto industry in the Asia-
Pacific region [1]. In comparison with sintered magnets (SM), the bonded magnets (BM) are of
lower performance since to cede the volume of grain boundary regions to a binder, but they always
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are preferred in many applications due to their easy and precise shaping, low cost and large pro-
duction capacity. BMs will compete strongly with SMs once their magnetic performance should
be improved.

Up to now, NdFeB-based magnets still are dominant in permanent magnet applications [2]
with the energy product (BH)max commonly around ≤ 50 MGOe for anisotropic SMs; ≤ 20 MGOe
and ≤ 10 MGOe for in-mold compacted anisotropic and isotropic BMs, respectively. NdFeB BMs
made by the injection molding as well the calendering and extrusion methods own (BH)max≤7
MGOe [3]. The additively 3D-printed anisotropic NdFeB BMs of 8.7 MGOe [4, 5] show a new
trend of developing mass-scale of producing BMs.

Because of the phase diagram complexity [6], NdFeB-based magnets are produced by
means of the powder metallurgy method. The magnet performance depends on the intrinsic prop-
erties of materials (the spontaneous magnetization Msp and the magneto-crystalline anisotropy
energy Ka) and the extrinsic ones like the alignment of easy axes of particles inside magnets (the
magnet texture), the magnet microstructure including grain size distributions, grain shapes and
magnet mass density values.

For a large-scale production of NdFeB-based magnets, it is very convenient to use melt-
spun ribbons since the rapid quench state of the melt-spinning technology allows to avoid difficul-
ties in forming the phase Nd2Fe14B caused by the phase diagram complexity of NdFeB systems.
However, the conventional melt-spinning technology can produce only isotropic ribbons since the
crystalline growth of ribbons is derived by the undercooling temperature gradient ∆T appeared on
the wheel surface of a spinner for very short time, so the crystal growth is non-equilibrium and
thus leads to the poor directional growth of ribbons. So, the melt-spun ribbons contain grains with
their easy axes oriented randomly over the ribbon volume and thus causes their isotropic feature.

The magnetic field assisted melt-spinning (MFAMS) technology crucially changes the mech-
anism of ribbon formation. The presence of external magnetic fields contributes to the driving
force of crystalline growth process improving the directional crystalline growth and thus allows to
form anisotropic ribbons.

In the previous work [7, 8], it has been noted that, to form MFAMS ribbons the prerequi-
site requirement is the presence of seeds which can be magnetized in an external magnetic field.
In the case of NdFeB-based systems, the soft ferromagnetic element Fe plays the role of these
seeds and the starting composition of alloys used in melt-spinning experiments is very important
for preparing high performance anisotropic ribbons. The fraction of ferromagnetic elements in
NdFeB-based alloys must be kept optimal for supplying the ferromagnetic seed amount to stim-
ulate the ribbon formation in an assisted magnetic field and to control the ribbons’ compositions
around the Nd2Fe14B phase as well the possible exchange coupling between the hard and soft
phases appeared in the final ribbon products. This problem has been solved and discussed in detail
in this paper.

2. Experiment

The commercial melt-spinner ZGK-1 has been used for quenching NdFeB-based alloys
into ribbons. The alloy batch contained high purity elements 4N grade of Nd, Fe, Co and B
weighted at 20 gram in desired mass ratios and was arc-melted thrice to ensure high homogeneity.
The arc-melted alloys were divided into approximately 5 gram pieces per batch for melt-spinning
experiments. The spinner’s chamber was filled by 0.8 atm argon gas after 5-fold cleaning by
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means of argon flows controlled by a vacuum pump. The loaded alloy amount was induction-
melted and ejected thru the 2mm-diameter-orifice onto the surface of the wheel which stays at
3mm distance away from the orifice and rotating with different tangent speeds in the range of 5 ÷
25 m/s. The phase determination of ribbons was done by using the Rietveld refinement of X-ray
diffraction (XRD) patterns of ribbon pulverized samples. The texture of ribbons was also observed
and estimated by analyzing the peak set of XRD patterns taken on the ribbon flake surfaces. The
ribbons magnetic characteristics were estimated by considering their hysteresis loops measured by
the VSM as well the SQUID magnetometer.

3. Results

3.1. Nd15Fe77B8 starting alloy composition
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Fig. 1. (a) The Rietveld refinement matching the calculated (red curve) and observed
(black curve) the XRD pattern of the powder ground from ribbons melt-spun at 15.8 m/s
using the starting alloy Nd15Fe77B8. (b) The peak appeared at 30.25˚ corresponds to the
phase Nd4B2.5 which is rapidly quenched along the red arrow indicated on the sketched
Nd-B binary phase diagram taken from [9].

It is well known that, the high-performance sintered NdFeB magnets are produced by us-
ing the starting alloys of the composition Nd15Fe77B8. This composition is featured by the Nd-
enrichment that enhances the coercivity caused by the Nd-rich layers on the grain boundaries.
This alloy has been also taken into account for melt-spinning ribbons. The ribbons were finely
produced with the averaged thickness of 20 µm and the length of several centimeters. Based on
the material conservation rule we have Nd15Fe77B8 = 5.5· (Nd2Fe14B) + Nd4B2.5 leading to the
XRD pattern of the ribbon ground powder as plotted in Fig. 1. The stoichiometric phase Nd2Fe14B
is thermodynamically favored in solidifying of Nd15Fe77B8 system even in the great undercooling
state, the rest Nd and B can be solidified along the arrow indicated on the Nd-B phase diagram
shown in the right side of Fig. 1. This phase is enriched in Nd and appeared on the XRD pat-
tern by the peak at about 20 = 30.25˚. This Nd-enriched phase stays at the grain boundaries and
plays the role of pinning centers and just enhances the ribbon coercivity while the great fraction
of Nd2Fe14B matrix determines the ribbon spontaneous magnetization Msp and consequently, the
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saturation magnetization Msat. These two factors of coercivity and magnetization are decisive in
establishing a good magnetic performance of ribbons and they are reasonable why the composition
of Nd15Fe77B8 has been chosen as the most suitable for preparing the high-performance sintered
magnets as well the melt-spun ribbons.

 

() () Bonded

Fig. 2. The room temperature SQUID magnetization loops of the ribbons melt-spun at
15.8 m/s using the starting alloy Nd15Fe77B8 ( � ) and the bonded magnet prepared using
the powder ground from these ribbons (•). The sketch shows the VSM magnetization
loop of the ribbon sample.

Figure 2 shows the hysteresis loop of the ribbon melt-spun at 15.8 m/s using the starting al-
loy of Nd15Fe77B8. The square dotted curve is the loop of the ribbon. Since the ribbon is isotropic,
so the remanence magnetization Mr = 7.88 kG is around a half of Msp = 16.1 kG [10] for the
Nd2Fe14B system. The presence of a Nd-enriched phase on the grain boundaries is characterized
by the knee appeared on the initial magnetization curve at about H = 18 kOe which is the fact
that Nd excess atoms play as pinning centers leading to the large coercivity iHc = 21.1 kOe of
ribbons. The high coercivity value is the distinguish feature of the prepared ribbons causing the
non-adequate loop measurement using the VSM at the maximal magnetizing field of about 10
kOe as shown in the figure sketched on Fig. 2. Once ribbons are isotropic, their energy product
(BH)max is 13.37 MGOe, around 83% of the theoretical value (Msp/2) 2/4 = 16.2 MGOe for the
isotropic Nd2Fe14B system.

The obtained ribbons were used for preparing bonded magnets. The ribbons were high-
energy ball-milled for 5 min. in the protective environment of xylene, dried in a glove box and
impregnated with the PPS (Polyphenylene Sulfide) binder. The dried impregnated powders were
in-mold compacted under 5000 psi pressure and cured into solid magnet at 180˚C. The magnet
density was 7.2 g/cm3, about 94% of that for ribbons (7.6 g/cm3). It is understood, that the
bonded magnet consists of the randomly compacted particles so the magnet’s microstructure is less
ordered than that of ribbons, so although the knee is appeared again on the initial magnetization
curve indicating that Nd phase stays on the grain boundaries, but the less ordered microstructure
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decreases the magnet coercivity iHc down to 4 kOe compared with 7.01 kOe of ribbons. So totally,
(BH)max of the obtained magnet is only 10.73 MGOe, about 80% of the energy product value of
ribbons. It is worthy here to note, that anyway the announced value is good for applications of
bonded magnets.

3.2. Nd2Fe14B starting alloy composition
As above mentioned, the phase of Nd2Fe14B is the main ferromagnetic phase of Nd-Fe-

B system. This stoichiometric composition is instantly formed even the starting alloy for melt-
spinning is Nd15Fe77B8. Now one considers what happens if the starting alloy is stoichiometric.
The alloy of Nd2Fe14B was prepared by using Nd, Fe, B of 4N-grade purity. The alloy was arc-
melted thrice for homogeneity. The ribbon was melt-spun with the same conditions used for the
above presented ribbons. Fig. 3 presents the XRD patterns of the ribbon flake contact and free
surfaces (the ribbon surface contacting and non-contacting with the wheel surface). The patterns
show the peak set of the pure phase Nd2Fe14B with the weak texture on the contact surface and
very strong texture on the free surface. These phenomena correspond to the impact of the driving
force of the great temperature gradient ∆T perpendicular to the wheel surface. This ∆T is caused
by the great heat absorption of the wheel in comparison to the heat contained in the molten alloy
flow ejected thru the nozzle orifice.

To quantify the ribbon texture degree, one uses the ratio γ between the intensities of the
peaks (006) and (410), γ = I(006)/I(410). Since the former represents the crystalline C-axis (00l)
while the latter represents the basal surface (hk0). To obviously observe the change of texture
degrees on the two surfaces of ribbons, the peaks (410) and (006) appeared in the range of 2θ =
42.5÷45.5˚ are illustrated in the sketch of Fig. 3.

 

 

a) 

b) 

Fig. 3. The XRD patterns of the contact (a) and free (b) surfaces for the Nd2Fe14B ribbon
melt-spun at 15.8 m/s wheel speed.
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The texture degree γ of the contact surface is 3.5 and increased up to 50 for the free sur-
face. One understands that, the ribbon’s texture causes its anisotropy, but the mentioned texture
inhomogeneity of ribbons prepared by this conventional melt-spinning technique causes the poor
texture for magnets manufactured thereof.

Owning the stochiometric phase of Nd2Fe14B but losing the grain boundary Nd-enriched
phase, in comparison with the ribbons prepared from the starting Nd15Fe77B8 alloy, the ribbons
melt-spun from Nd2Fe14B alloy should have a high Msp (and Msat) but low iHc. This fact is seen
on the Fig. 4 with the magnetization loop M(H) measured for the prepared ribbon flake. The
magnetization measured at 60 kOe is 15.1 kG, about 94% of Msp of Nd2Fe14B phase, but the
coercivity iHc is low, equals only 2 kOe leading to the small value of (BH)max.

Fig. 4. The room temperature magnetization loop of the ribbon melt-spun from the start-
ing Nd2Fe14B alloy at 15.8 m/s wheel speed.

3.3. Nd2.33(Fe0.93Co0.07)15B starting alloy composition
To combine the advantages in the large coercivity and high magnetization of the starting

alloy compositions of Nd15Fe77B8 and Nd2Fe14B presented above, the composition
Nd2.33(Fe0.93Co0.07)15B is suggested to be prepared. This composition includes the Nd enrich-
ment to keep coercivity high and the addition of some percent of Cobalt to Fe in order to increase
the spontaneous magnetization as well the Curie temperature Tc. Compared with the stochiometric
composition of Nd2Fe14B, this composition is Nd-enriched to control the coercivity and enriched
in the 3d elements Fe and Co to increase the spontaneous magnetization through the exchange
coupling interaction. Especially, the Co element is added to cause the ribbon thermal stability
because of its high Curie temperature (1115 ˚C in comparison with 770 ˚C of Fe) [11].

The XRD patterns of ribbon flakes plotted on Fig. 5 show the main phase of Nd2Fe14B
with the weak texture degrees, γ = 0.88 and 1.13 for the contact and free surfaces, respectively.
These low values of γ reveal that the crystal growth of this kind of ribbons was not intensive in
comparison with the case of the Nd2Fe14B alloy composition.
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Fig. 5. The XRD patterns of the contact (a) and free surfaces (b) of the ribbon melt-spun
from the starting Nd2.33(Fe0.93Co0.07)15B alloy at 15.8 m/s wheel speed.

The magnetic performance of the powder ground from this kind of this ribbon is estimated
by its magnetization loop presented in Fig. 6. With the ribbon’s density of 7.6 g/cm3, the re-
manence Br reaches 9.04 kG, iHc is improved (compared with the value of 2 kOe of the ribbon
melt-spun from Nd2Fe14B alloy) to 7.05 kOe, bHc = 5.9 kOe and (BH)max is 15.05 MGOe.

 

 Fig. 6. The room temperature magnetization loop of the ground ribbon melt-spun at 15.8
m/s wheel speed using the starting Nd2.33(Fe0.93Co0.07)15B alloy.
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3.4. Nd2.33(Fe0.93Co0.07)18.5B starting alloy composition
This composition has been chosen with keeping the ordinary enrichment of Nd. But the

fraction of Fe0.93Co0.07 is further increased to test the exchange coupling between hard and soft
phases following the theory of Kneller and Hawig [12] for the nanostructured nanocomposite
microstructure of ribbons. The ribbons coercivity can be also controlled by a larger wheel speed
to reduce the grain sizes.

The starting alloy Nd2.33(Fe0.93Co0.07)18.5B was arc-melted and ejected into ribbons at dif-
ferent wheel speeds in the range of 15.8 – 25 m/s. Other parameters of the melt-spinning process
are the same as used for the above discussed ribbons. It is observed that the wheel speeds and
in turn, the cooling rates, effect significantly on the magnetic properties. As shown by the loops
plotted on the Fig. 7, the optimal wheel speed is 18 m/s. This speed is larger than that of 15.8 m/s
for ribbons melt-spun using either Nd15Fe77B8 or Nd2Fe14B starting alloys. With again the ribbon
mass density of 7.6 g/cm3, the magnetic properties of this best ribbon are Br = 9.9 kG, iHc = 6.5
kOe, bHc = 5.01 kOe and (BH)max = 13.3 MGOe.

 

 Fig. 7. The room temperature magnetization loop of the ribbons melt-spun from the start-
ing Nd2.33(Fe0.93Co0.07)18.5B alloy at different wheel speeds. The sketch shows the loops
of the best ribbon melt-spun at 18 m/s wheel speed.

Corresponding to these loops, the XRD patterns (see Fig. 8) also strongly depend on the
wheel speeds. The peaks stay belonging to the phase of Nd2Fe14B, but the texture degree γ changes
significantly, γ increases from 1.78 to 2.75 but decreases down to 2.19, 0.81 and 0.11 for ribbons
melt-spun at 15.8, 17, 18, 20 and 25 m/s, respectively. This phenomenon proves that the thermal
state of the ribbon solidification complicatedly depends on the wheel speed. The undercooling
temperature is almost constant and equals the difference between the alloy melting temperature
and the room temperature of the big-mass wheel. The temperature gradient ∆T plays the main
driving force of ribbon solidification, and the direction of this gradient is perpendicular to the
wheel surface if the wheel speed is small (≤ 17 m/s for the melt-spinner used in this paper) and
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Fig. 8. The XRD patterns of the flake free surfaces of ribbons Nd2.33(Fe0.93Co0.07)18.5B
melt-spun at 15 (a), 17 (b), 18 (c), 20 (d) and 25 m/s (e) wheel speeds. The (00l) peaks
and the strongest peak (410) of Nd2Fe14B phase are indicated. The sketch is the Henkel
plot of the ribbon melt-spun at 18 m/s

changes to tangential for larger speeds. For example, the peak (006) disappears on the flake
surface of the ribbon melt-spun at 25 m/s, while the peak (410) representing the unit cell basal
plan becomes dominating. This effect is the reasons why the loop of the ribbon melt-spun at 25
m/s is characterized by both small values of iHc and Ms measured at 60 kOe (see Fig. 7).

The alloy Nd2.33(Fe0.93Co0.07)18.5B is enriched in 3d elements of Fe and Co. Its ribbons,
therefore are high in magnetization, meanwhile the coercivity as a non-intrinsic parameter depends
on the ribbon microstructure. With the excess of Fe/Co embedded in the main Nd2Fe14B hard
phase matrix, the exchange coupling between them can keep iHc large. To check the existence
of exchange coupling interaction in the ribbon melt-spun at 18 m/s, the Henkel plot [13, 14] was
measured and sketched in Fig. 8.

For the non-interactive system of hard and soft phase grains, the demagnetization rema-
nence Md(H) rightly equals [Mr(∞) – 2Mr(H)]. So, the deviation from the linearity of the differ-
ence δM between these two values is accepted as the evidence for magnetic interactions existed
inside the system. The initial positive δM observed in this sketch confirms the existence of fer-
romagnetic exchange coupling interactions between the hard and soft magnetic grains and the
change in δM from the positive to negative values reveals the magnetostatic interaction in this
ribbon happened at the field ge6.5 kOe.

4. Conclusions

The paper shows the obtained results and releases the experimental facts that the starting
alloy compositions significantly effect on the quality of NdFeB-based melt-spun ribbons. The pure
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stoichiometric composition Nd2Fe14B allows to melt-spin ribbons of high spontaneous magnetiza-
tion Msp, large texture γ but low coercivity iHc. The composition Nd15Fe77B8 can be used for melt-
spin large coercivity ribbons but paid by low magnetization and texture degree. The soft phase
enriched composition as Nd2.33(Fe0.93Co0.07)15B is recommended for melt-spinning high-quality
ribbons. Moreover, it is also recommended to utilize the composition Nd2.33(Fe0.93Co0.07)18.5B to
melt-spin high-performance nanocomposite ribbons, in which the exchange coupling exists and
allows the high Ms and iHc of ribbons. It is noted that, the wheel speed plays an important role
in fixing the quality of ribbons and must be optimized to the chosen composition of initial alloys.
With the fixed mentioned parameters of melt-spinning process, it was found that the optimal wheel
speed is about 18 m/s for the nanocomposite and 15.8 m/s for other ribbons. These guidelines are
useful for a mass-scale production of high-performance NdFeB-based ribbons.
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