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The strong (00l) textured Pr12 þ xFe82  xB6 (x ¼0, 1, 2, 3, 4) nanoﬂakes with high coercivity were prepared
by surfactant-assisted ball milling (SABM). The thickness and length of the ﬂakes are mainly in the range
of 50  200 nm and 0.5  2 μm, respectively. A coercivity of 4.16 kOe for Pr15Fe79B6 nanoﬂakes was obtained, which is the maximum coercivity of R2Fe14B (R ¼Pr, Nd) nanoﬂakes or nanoparticles reported up
to now. The results of XRD and SEM for the aligned Pr15Fe79B6 nanoﬂakes indicate that a strong (00l)
texture is obtained and the easy magnetization direction is parallel to the surface of the ﬂakes. The
angular dependence of coercivity for aligned sample indicates that the coercivity mechanism of the asmilled nanoﬂakes is mainly dominated by domain wall pinning. Meanwhile, the ﬁeld dependence of
coercivity, isothermal (IRM) and dc demagnetizing (DCD) remanence curves also indicate that the
coercivity is mainly determined by domain wall pinning, and nucleation also has an important effect. In
addition, the mainly interaction of ﬂakes is dipolar coupling. The research of coercivity mechanism for
Pr15Fe79B6 nanoﬂakes is important for guidance the further increase its value, and is useful for the future
development of the high performance nanocomposite magnets and soft/hard exchange spring magnets.
& 2015 Published by Elsevier B.V.
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1. Introduction
Nanostrutured rare-earth permanent magnet (REPM) has attracted much attentions owing to the high performance in nanocomposite magnets and soft/hard exchange coupled magnets [1–
3]. Furthermore, the surfactant-assisted ball milling (SABM)
method has been found efﬁciently in synthesis of single phase and
textured nanostructured REPM compounds [4], however, the
coercivity of that, especially for R–Fe–B (R¼ Nd, Pr) system, is very
low [3,5,6]. In our previous work, the stoichiometric composition
of Pr12Fe82B6 nanoﬂakes with a coercivity of 3.9 kOe was obtained,
which is the maximum coercivity of R2Fe14B (R¼Pr, Nd) nanoﬂakes or nanoparticles reported up to now [7]. However, it is still
too low for practical application. It is well known that the coercivity would be enhanced by enriching rare-earth phase into the
grain boundary for the R–Fe–B compounds [3,5,8]. Therefore, in
this work, the Pr12 þ xFe82  xB6 (x ¼0, 1, 2, 3, 4) nanoﬂakes were
prepared by SABM. In addition, the study of coercivity mechanism
of the as-milled nanoﬂakes is also very important for further
n
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guidance increase its value and to develop high performance nanocomposite magnets. Therefore, the coercivity mechanism of the
as-milled nanoﬂakes is also studied by the angular dependence of
coercivity for aligned Pr15Fe79B6 nanoﬂakes/resin composites. In
order to further clarify the coercivity mechanism and the possible
interaction of the Pr15Fe79B6 nanoﬂakes, the minor hysteresis
loops and recoil loops of unaligned sample are also researched.

2. Experiment
Pr12 þ xFe82  xB6 (x ¼0, 1, 2, 3, 4) compounds were prepared by
arc melting in argon using pure metals. The ingots were melted
ﬁve times to ensure homogeneity and then annealed at 1173 K for
a week under vacuum. The annealed ingots were ground down to
less than 150 μm as the starting powders. The ball milling experiment was performed for 5 h using a GN-2 ball milling equipment (voltage was 60 V and the rotational speed was about
300 rpm). The weight ratio of balls to powders was 20:1. Oleylamine (80  90%) and oleic acid (99%) were used as surfactants. The
total amount of surfactants was 20% to the weight of the starting
powders (Oleylamine and oleic acid was 1:1). Heptane (99.8%) was
used as the carrier liquid. The aligned Pr–Fe–B nanoﬂakes/resin
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composite was prepared by mixing the as-milled ﬂake with epoxy
resin, and placing them into a 20 kOe magnetic ﬁeld until the
epoxy resin solidiﬁes. The phase structure was examined by the
X-ray powder diffraction (XRD) with Cu Kα radiation at room
temperature. Morphology was analyzed by scanning electron microscope (SEM). Magnetic properties were measured by a vibrating
sample magnetometer with the maximum ﬁeld of 20 kOe at room
temperature.

3. Result and discussion
Fig. 1(a) shows the measured XRD patterns of starting
Pr12 þ xFe82  xB6 (x¼0, 1, 2, 3, 4) compounds powder. It can be seen
that it is single phase tetragonal structure for Pr12Fe82B6 compound (x¼ 0), With the increase of Pr element, the diffraction
peaks of rare-earth phase appear and the intensity become more
and more strong, which agrees with our expectation. The coercivity of as-milled Pr12 þ xFe82  xB6 (x ¼0, 1, 2, 3, 4) nanoﬂakes are
shown in Fig. 1(b). It can be observed that the coercivity ﬁrst
slowly increases then decreases with increasing Pr amount, and
reaches a maximum value of 4.16 kOe for Pr15Fe79B6 compounds.
The increasing coercivity is our expectation.
Fig. 2(a) and (b) shows the SEM images of random and ﬁeldaligned Pr15Fe79B6 ﬂakes prepared by SABM, respectively. It can be
seen that the thickness and length of the ﬂakes are mainly in the
range of 50  200 nm and 0.5–2 μm, respectively. Compared with
the random oriented ﬂakes, the ﬁeld-aligned ﬂakes become well
aligned along the direction of the applied magnetic ﬁeld and form
obviously “chains-type” morphology. This result demonstrates
that the easy magnetization direction (EMD) of as-milled Pr–Fe–B
ﬂakes is parallel to the surface of the ﬂakes.
Fig. 3(a) and (b) shows the XRD patterns of random and ﬁeldaligned Pr15Fe79B6 nanoﬂakes, respectively. It can be seen that the
ﬂakes mainly exhibit the tetragonal structure of Pr2Fe14B (JCPDS

Fig. 1. (a) The measured XRD patterns of starting Pr12 þ xFe82  xB6 (x ¼ 0, 1, 2, 3, 4)
compounds powder and (b) the coercivity of as-milled Pr12 þ xFe82  xB6 (x¼ 0, 1, 2, 3,
4) compounds.

PD#40-1156) with minor rare-earth oxides peaks. In addition, the
diffraction intensity of (00l) crystalline planes dramatically enhance for the aligned sample whereas the other peaks almost
disappear for the random oriented sample, suggesting a (00l)
alignment (the EMD along the c-axis). Combining with the result
of aligned SEM image (see Fig. 2(b)), we can claim that the c-axis
of Pr15Fe79B6 compound is parallel to the surface of the ﬂakes. In
order to analyze the texture degree of Pr2Fe14B nanoﬂakes, the
normalized c-axis alignment degree is calculated for the aligned
Pr2Fe14B nanoﬂakes/resin composite [7], the value is 98%, and
lattice parameters and intensity of diffraction peaks is obtained
from Fig. 3, which indicates that the Pr2Fe14B nanoﬂakes have a
high texture degree.
Fig. 4(a) shows the angular dependence of half-hysteresis loop
for aligned Pr15Fe79B6 nanoﬂakes/resin composite, where the external ﬁeld is applied at a certain angle θ with respect to the
magnetic aligned axis of the sample. It can be seen that the Mr/Ms
reaches 0.9 for the sample with angle θ ¼ 0°, which again indicates
that the sample have a good alignment degree. The Hc for the
aligned sample shows an obviously decrease compared with that
of unaligned one (see Fig. 1(b)). It agrees with the theory and
experiment result [9,10]. In addition, the Hc ﬁrstly increases then
decreases with angle θ, and reaches the maximum at 70° (see
Fig. 4(b)). These phenomena are also observed for SmCo5 thin
ﬁlms [11], Sm–Co/Fe multilayer ﬁlms [12] and Sm–Co nanoﬂakes
[13]. The increased Hc agrees with the 1/cosθ law (Kondoraky Law)
for an ideal uniaxial system [9] and the later decrease could be due
to the magnetization is not saturated. In order to compare the
experiment with 1/cosθ law more intuitively, we deﬁne the
magnetization-related normalized coercovity Hnc is as following:
Hnc (θ) = Hc (θ) × [Ms/M (2T )], where Ms is the magnetization at 2 T
with the θ ¼0°. We can see that Hnc has a more similar variation
trend compared with 1/cosθ law (see Fig. 4(b)). Generally, the 1/
cosθ law is associated with domain wall pinning [9–13]. Therefore,
it also indicates that the coercivity of as-milled nanoﬂakes is
mainly dominated by domain wall pinning. However, the difference between the Hnc and 1/cosθ can also be observed, especially
for the large angle θ, which could be due to the Kondoraky’s law
does not consider the dipolar interaction. When the magnetostatic
energy was calculated in the model, there will be a better agreement between experiment and calculation [9].
In order to further clarify the coercivity mechanism and the
possible interaction of Pr15Fe79B6 nanoﬂakes, the minor hysteresis
loops and recoil loops of unaligned Pr15Fe79B6 nanoﬂakes/resin
composite are measured and shown in Fig. 5(a) and (b), respectively. And the inset of Fig. 5(a) shows the normalization of coercivity dependence of the maximum applied ﬁeld, which is determined from the minor hysteresis loops. It can be seen that the
coercivity changes slowly at the low applied ﬁelds but increase
quickly when the applied ﬁeld reaches the coercive ﬁeld (can see
more clearly from the ﬁrst derivative). This generally is a characteristic of the domain wall pinning [12,13]. And it indicates that
the coercivity of the as-milled nanoﬂakes is mainly controlled by
domain wall pinning again. It is known that Henkel plots are very
important and useful in checking the interaction of particles and
the magnetization reversal mechanism, which is deﬁned as:
δM = Md (H) − [1 − 2Mr (H)]. Here Mt(H) is the isothermal (IRM)
remanence (normalized to Mr(H)/Mr(1)) acquired after the application and subsequent removal of a ﬁeld H, Md(H) is dc demagnetizing (DCD) remanence (normalized to Md(H)/Mr(1)) acquired after saturation in one direction and then the subsequent
application and removal of a direct ﬁeld H in the reverse direction.
The two remanence curves of IRM and DCD are shown in Fig. 6(a),
and the data is from Fig. 5(a) and (b), respectively. Many studies
have indicated that the IRM and DCD remanence curves can reveal
the irreversible energy barrier distribution information, and that
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Fig. 2. The SEM images of (a) random and (b) ﬁeld-aligned Pr15Fe79B6 nanoﬂakes prepared by SABM.

Fig. 3. The XRD patterns of (a) random and (b) ﬁeld-aligned Pr15Fe79B6 nanoﬂakes.

the domain wall pinning energy distribution can be determined by
the differentiation of the IRM curve, while both the domain wall
pinning and nucleation energy distribution can be determined by
the differentiation of the DCD curve [14,15]. Fig. 6(b) shows the
differentiation curves of the IRM and DCD remanence (normalizing the area of curves to unity). It can be seen that both the
energy barrier distributions show a single peak at about 4 kOe and
5 kOe, respectively, and the differential peak of IRM shifts to the
right. The results indicate that reversal domain nucleation ﬁrstly,
and then both nucleation and pinning effect occur, and the coercivity is mainly determined by domain wall pinning. Furthermore,
a very large energy barrier distributions overlap can also be observed. This large overlap could be due to the overlap of the nucleation and domain wall pinning energy barrier distribution [14],
and it is also mean that nucleation has a very important effect on
coercivity, which can be explained by both the close position and
similarly intensity of energy barrier distributions [15]. In addition,
the broad differential peak can also be observed, which can also
further lead to the overlap of energy barrier distribution and is
usually caused by demagnetizing effects [14]. According to the
Stoner–Wohlfarth model, for a non-interacting single-domain
particles, Mr(H) and Md(H) satisfy the relationship [16–18]:
Md (H) = 1 − 2Mr (H), it is also mean δM¼0. Therefore, for any
δM≠0 in experimental data can be attributed to the effect of interaction. The positive δM imply the interaction attempt to

Fig. 4. The angular dependence of (a) half-hysteresis loop and (b) Hc for aligned
Pr15Fe79B6 nanoﬂakes/resin composites.

magnetize the materials and usually associated with the exchange
couple, while negative δM mean the interaction attempt to demagnetize the materials and usually associated with the dipolar
coupling. It can be seen from Fig. 6(c) that the δM shows the negative values under all the ﬁelds, indicating the interaction of
ﬂakes are mainly dipolar coupling. This can also be demonstrated
by the spontaneous formation of “kebab-like” or “chains-type”
morphology for as-milled nanoﬂakes due to the magnetostatic
interaction [7,19]. Because of negative value of δM attempt to
demagnetize the materials, the strong dipolar coupling could

18

W.-L. Zuo et al. / Journal of Magnetism and Magnetic Materials 390 (2015) 15–19

Fig. 5. (a) The minor hysteresis loops and (b) recoil loops of unaligned Pr15Fe79B6
nanoﬂakes/resin composite, inset of (a) is the normalization of coercivity dependence on the applied ﬁeld.

decrease the coercivity, which could be one of the causes for the
relative low coercivity of as-milled Pr15Fe79B6 nanoﬂakes. In additions, we found that the δM shows the positive values for the asmilled PrCo5 nanoﬂakes (it will be shown in another paper), which
could explain the relative low coercivity for R2Fe14B (R¼Pr, Nd)
nanoﬂakes while high coercivity for RCo5 (R¼Pr, Sm) nanoﬂakes.
Furthermore, existent strong dipolar coupling also agrees with the
experiment result in Fig. 4(b), which is explained in [9]. Therefore,
decreasing the negative effect of dipolar coupling could be very
useful for obtaining a relative high coercivity.

4. Conclusions
The strong (00l) textured Pr12 þ xFe82  xB6 (x ¼0, 1, 2, 3, 4) nanoﬂakes were prepared by surfactant-assisted ball milling (SABM).
A coercivity of 4.16 kOe for Pr15Fe79B6 nanoﬂakes was obtained,
which is the maximum coercivity of R2Fe14B (R¼Pr, Nd) nanoﬂakes or nanoparticles reported up to now. The angular dependence of coercivity for aligned sample indicates that the coercivity
mechanism of the as-milled nanoﬂakes is mainly dominated by
domain wall pinning. Meanwhile, the ﬁeld dependence of coercivity, IRM remanence and DCD remanence curves indicate that
the coercivity is mainly determined by domain wall pinning and

Fig. 6. (a) Field dependence of the IRM and DCD remanence curves, (b) the differentiation curves of the IRM and DCD remanence, and (c) Henkel plots of unaligned Pr15Fe79B6 nanoﬂakes/resin composite.

nucleation also has a very important effect. In addition, the interaction of ﬂakes is demonstrated mainly to be dipolar coupling,
which could be an important cause for the relatively low coercivity
of as-milled Pr15Fe79B6 nanoﬂakes. The research of coercivity
mechanism for Pr15Fe79B6 nanoﬂakes is important for guidance
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the further increase its value, and is useful for the future development of the high performance nanocomposite magnets and
soft/hard exchange spring magnets.
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