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Abstract
The pinning of grain interfaces plays an important role in determining the coercivity of nanocomposite magnets. Here,
based on pinning effect, a simple model was proposed to correlate the pinning strength with microstructural parameters. A
structural factor K has been used to describe the contribution of the phase composition and grain size of hard and soft phases
to pinning strength. The model can be used to estimate the pinning strength of nanocomposite magnets, which is important
for the design and fabrication of nanocomposite magnets with high coercivity.
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1 Introduction

Coercivity, an important magnetic parameter in determining
magnetic energy product of permanent magnets, is normally
codetermined by the nucleation of reverse domain and the
pinning of domain wall [1–7]. These two mechanisms show
different dependence on grain size, phase composition, and
interface, leading to a complex dependence of coercivity
on microstructural parameters. Up to date, several models
have been suggested to explain the coercivity variation of a
nanocomposite magnet with its microstructural parameters
[1, 7–9]. However, most of these models are based on the
effect of the exchange coupling on magnetic crystalline
anisotropy [7, 9]. The contribution of pinning effect to the
coercivity is often underestimated or even neglected.

Many studies demonstrated that the coercivity of nano-
composite magnets with average grain sizes in nanoscale is
mainly dominated by pinning mechanism rather than nucle-
ation mechanism due to the existence of numerous grain
interfaces [6, 10–13]. This may provide possibilities to
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correlate the pinning strength with microstructural parame-
ters. Based on the pinning effect, Freideberg and Paul sug-
gested a pinning model to explain how grain interfaces con-
tribute to coercivity in a single-phase permanent magnet
[14]. However, such amodel is difficult to apply to nanocom-
posite magnets because of their complicated microstructure.

In this study, a simple model was proposed to describe
the relationship between pinning strength and microstruc-
tural parameters in a nanocomposite magnet. A popular
nanocomposite, Nd2Fe14B/α-Fe, was used as a model mate-
rial to discuss the dependence of pinning strength on phase
composition and grain size. The proposed model describes
the dependence of pinning strength on microstructural
parameters, which is beneficial for developing nanocompos-
ite magnets with high coercivity.

2 Experimental Details

2.1 Theoretical Model and Formulas

For nanocomposite magnets consisting of soft and hard
magnetic materials, reverse domains usually nucleate in
the soft-magnetic grains [12, 13]. The reverse domains
grow when the reverse magnetic field increases. Given the
existence of high-density grain boundaries, the growth of
reverse domains is hindered when the domain wall meets a
grain interface energy barrier. The pinning strength is a mea-
sure of the average magnetic field strength needed to carry
the domain wall to pass the intervening energy barrier [14].
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A uniform nanocomposite magnet with a grain size smaller
than 100 nm is considered in this study. Three types of
grain interfaces in the nanocomposite magnet are hard–hard,
hard–soft, and soft–soft grain interfaces, which give differ-
ent pinning barriers because of their different compositions
and structures. The total pinning barrier is simultaneously
determined by the three kinds of pinning barriers (Fig. 1).
To be simple, it is supposed that the pinning strength of
each kind of grain interface is constant. The area frac-
tions of the hard–hard, hard–soft, and soft–soft grain inter-
faces are known as Fhh, Fsh, andFss, respectively. There-
fore, the pinning strength of the nanocomposite magnet
can be expressed as,

Hp = Fhh × Hhh
p + Fsh × Hsh

p + Fss × HSS
p . (1)

where Hhh
p , Hsh

p , and HSS
p are the pinning strengths of

the hard–hard, hard–soft, and soft–soft grain interfaces,
respectively.

In the formula (1), the third part related to HSS
p can

be neglected because the pinning strength of the soft–soft
grain interface is very small [1]. So, the pinning strength
of the nanocomposite magnet can be expressed in a simple
formula:

Hp ≈ Fhh × Hhh
p + Fsh × Hsh

p . (2)

The surface area of a grain is proportional to its volume
and inversely proportional to its size. For a nanocomposite
magnet with a given phase composition and average grain
size, it can be simply supposed that the whole surface area
of one phase is proportional to its volume fraction and
inversely proportional to its average grain size as

Sh = k × Vh

dh

, Ss = k × Vs

ds

, (3)

where S, V , and d denote the surface area, volume fraction,
and average grain size, whereas the subscripts h and s

denote the hard and soft phases, respectively. To simplify the
model, it is supposed that hard and soft grains have a similar

grain size distribution, providing a similar coefficient (k) for
the two formulas (3). Thus, the surface area fractions of the
hard and soft phases can be deduced:

fh = Sh

Sh + Ss

= Vh × ds

Vh × ds + Vs × dh

, fs = Ss

Sh + Ss

= Vs × dh

Vh × ds + Vs × dh

. (4)

Furthermore, the grain interface area factions Fhh and Fsh

can be deduced according to the probability theory as

Fhh = fh × fh, Fsh = fh × fs + fs × fh. (5)

By combining (4) and (5), the Fhh, Fsh, and Fss can be
expressed as follows,

Fhh =
(

Vh × ds

Vh × ds + Vs × dh

)2

= 1

(1 + K)2
, Fsh

= 2
Vs × dh × Vh × ds

(Vh × ds + Vs × dh)2
= 2K

(1 + K)2
, (6)

where K is a structural factor defined as K = Vh×ds

Vs×dh
. There-

fore, the grain interface area fractions are dependent on the
phase composition and relative grain size of two phases.

2.2 Experimental Verification

To examine the validity of our model, NdxFe94−xB6 (x = 8–
10) nanocomposite ribbons with a thickness of 20–30 μm
and a width of ∼ 2 mm were prepared by melt spinning
at a circumferential speed of 14–18 m/s. The microstruc-
ture of ribbons was studied by XRD. The average grain
sizes and volume fractions of the soft and hard phases in
the alloys were determined by analyzing XRD patterns with
the Rietveld refinement method [15, 16], in which a crystal-
lographic weighted error of Rw < 10% was obtained. The
hysteresis loop of the magnets was measured at room tem-
perature using a vibrating sample magnetometer, yielding
the magnetic properties required. The pinning strength of

Fig. 1 Schematic diagram of the
growth of reverse magnetic
domain in a nanocomposite
magnet. There are three types of
grain interfaces (GIs) in the
sample, forming a pinning
barrier to hinder the motion of
domain wall from regions I to II
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Table 1 Microstructure and magnetic parameters of NdxFe94−xB6 nanocomposite magnets

Sample ds (nm) dh (nm) Vs (%) Vh (%) Fhh (%) Fsh (%) Hci (exp) Hp (exp) K Hp′ (cal)

x Speed (m/s)

8 16 18.2 34.6 28.5 70.5 32.0 49.1 4.85 4.45 1.30 4.29

8.5 16 17.3 32.3 24.1 75.9 39.4 46.7 5.30 5.00 1.69 4.78

9 14 24.1 46.8 23.8 76.2 38.7 47.0 5.12 4.47 1.65 4.73

9 16 19.1 34.2 21.1 78.9 45.6 43.9 5.50 5.00 2.09 5.15

9 18 16.7 29.5 22.3 77.7 44.0 44.6 5.90 5.38 1.97 5.06

10 14 24.9 51.2 24.8 75.2 35.5 48.2 5.17 4.40 1.47 4.53

10 15 23.3 43.6 18.7 81.3 48.9 42.1 6.16 5.30 2.32 5.33

10 17 18.8 30.5 15.2 84.8 60.0 34.9 7.10 6.10 3.44 5.93

samples was determined as the field where the irreversible
susceptibility of the initial magnetization curve reached the
maximum.

3 Results and Discussion

The volume fraction, average grain size of Nd2Fe14B (hard)
and α-Fe (soft) phases, and measured pinning strength of
NdxFe94−xB6 samples are shown in Table 1. For each
sample, the structural factor and grain interface fractions
Fhh and Fsh were calculated by using (6). The grain
interface pinning strengths, Hhh

p and Hsh
p , were determined

to be 7.73 and 3.70 kOe by fitting Fhh, Fsh, and Hp with
(2) via the least square method. The fitting resulted in a
small standard deviation of ∼ 0.23 kOe for the set of data
from eight samples (Table 1), thereby demonstrating that the
model was reasonable.

A single-phase Nd2Fe14B with an average grain size
of 50–60 nm was prepared via melt spinning at an
optimized circumferential speed of ∼ 17 m/s. The initial
magnetization curve of the sample is shown in Fig. 2, which
demonstrated a typical domain wall pinning feature. Its
pinning strength was governed by the hard–hard interface
because of the absence of the soft phase in the material. A
pinning strength of Hp ∼ 8.5 kOe was determined by the
derivative curve of the initial magnetization curve (inset in
Fig. 2). According to the present model, the pinning strength
of the sample was calculated to be 7.73 kOe. The calculated
value was very close to the experimental value, indicating
the reasonability of the model.

Figure 3 presents the dependence of pinning strength
and coercivity on the structural factor K . It can be seen
that a larger K leads to a higher pinning strength from the
calculated Hp–K curve (Fig. 3a). That is, a high-volume
fraction and a small grain size for the hard phase, and a
low-volume fraction and a big grain size for the soft phase

will yield a high pinning strength. Figure 3a also compares
the calculated pinning strength with the measured values.
The measured pinning strength (solid squares) was similar
to the calculated Hp–K curve, thereby demonstrating that
the calculated values were reasonable.

Figure 3b presents a comparison of the measured
coercivity of the prepared samples (solid stars) and the
previously reported Nd–Fe–B alloys prepared via direct
melt spinning (hollow triangles and half solid squares) [4,
17]. The same values of Hhh

p = 7.73 kOe and Hsh
p =

3.70 kOe were used in the calculation because of similar
alloy composition. The measured coercivity increased with
the structural factor K , showing the same tendency as
the pinning strength. This trend indicates that the pinning
mechanism plays a dominant role in determining the
coercivity. The half-solid square symbols overlapped with
the calculated Hp–K curve, which demonstrated that the
pinning mechanism was dominant and the nucleation

Fig. 2 Initial magnetization curve and corresponding derivative curve
(inset) of single-phase permanent Nd2Fe14B magnet. The pinning field
is revealed from the derivative curve
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Fig. 3 Dependence of pinning strength (Hp) and coercivity (Hc) of
Nd2Fe14B/α-Fe nanocomposite magnet on structural factor (K). The
solid squares in a and stars in b are experimental values in the present
research. The half-solid squares and hollow triangles are reported data
in refs. [4] and [17]. The red curve in a and b is the calculated Hp–K
curve given by our model

mechanism could be neglected in these samples. Therefore,
the coercivity was almost the same as the pinning strength.
A high K indicates a high fraction of the hard–hard grain
interface with a high grain interface pinning strength,
and a low fraction of the hard–soft and soft–soft grain
interfaces with a low grain interface pinning strength,
thereby leading to a high pinning strength and further a
high coercivity. However, the solid star and hollow triangles
showed different behaviors. In these samples, the ratio of
the calculated pinning strength to the measured coercivity
was calculated as ∼ 0.9. The difference between the
pinning strength and coercivity implies that the coercivity
of the samples may be determined by the pinning and
nucleation mechanisms together, but the former might be
dominant.

To elucidate the coercivity mechanism of the nanocom-
posite magnets, an important triple-layered mode, i.e., a soft
layer with varying thickness sandwiched between two hard

layers, was proposed by Zhao’s group [18–20]. According
to their model, the dominant coercivity mechanism switches
from nucleation to pinning as the thickness of the soft
interlayer increases from 13 to 30 nm. The model presents
the relation between the coercivity and the thickness of
soft layer and provides a possibility to predict the coerciv-
ity of multi-layered composite magnets. However, for the
nanocomposite magnets, pinning is the dominant mecha-
nism due to the existence of numerous grain interfaces [6,
11–13]. Therefore, the grain sizes and phase composition
should be considered to predict the pinning strength.

It is well-known that both high coercivity and high
remanence are necessary to obtain a large energy prod-
uct. To achieve a high remanence, a high-volume fraction
(up to ∼ 50%) and a small grain size (∼ 10 nm) of soft
phase are necessary. This conclusion originates from the
remanence enhancement induced by the exchange coupling
between hard and soft grains as previously reported [21,
22]. Unfortunately, this requirement of high remanence on
microstructure conflicts with the requirement of high K .
The paradox between the coercivity and the remanence lim-
its the enhancement of energy products for nanocomposite
magnets.

To address this issue, new fabrication principles and tech-
nologies have been devised to engineer the nanostructures,
such as high-pressure (HP) annealing [15], hot deforma-
tion (HD) [16], severe plastic deformation (SPD) [23, 24],
high-pressure thermal compression (HPTC) [11, 12], and
the HPTC coupled with the design of layered structures
[13]. These approaches enable the generation of the hard
and soft phases with their ideal structures, which open up
the opportunities to engineer a bulk nanocomposite with
high coercivity [13]. As a result, more recently, break-
through progress has been realized in achieving record-high
energy products in bulk nanocomposite magnets [12, 13],
exceeding the values of their corresponding pure rare-earth
magnets.

We suggest that the grain-boundary (or interface) pinning
strength depends not only on the phase constituent and
grain size of the hard and soft nanograins but also on
their interfacial structure [24–27]. Therefore, the effect of
grain-boundary structures (or interfacial structures) on the
pinning strength will be further studied theoretically and
experimentally in our work, where the methods of atomic-
scale characterization of interfacial structures are highly
required such as positron annihilation technology [28].

4 Conclusion

A simple model based on the pinning effect of grain
boundaries (interfaces) was proposed to describe the depen-
dence of the pinning strength of nanocomposite magnets
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on microstructural parameters. According to the model, a
large structural factor K can yield high pinning strength and
thus high coercivity in nanocomposite magnets. In particu-
lar, refining the grain size of the hard phase was proposed
as an effective way to enhance the pinning strength of
nanocomposite magnets.
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