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Understanding the coercivity mechanism has a substantial impact on developing novel permanent
materials. However, the current coercivity mechanisms used widely in permanent alloys cannot explain well
the amorphous phase produced hard magnetic behavior of Nd-based bulk amorphous alloys (BAAs). Here,
we propose that the coercivity in as-cast NdgoFe3¢Al, alloy is from the combination of magnetic interaction
and strong pinning of domain walls. Moreover, the role of domain wall pinning is less affected after
crystallization, while the magnetic interaction is dependent on the annealing temperature. Our findings give
further insight into the coercivity mechanism of Nd-based bulk ferromagnets and provide a new idea to
design prospective permanent alloys with coercivity from the combination of magnetic interaction and
pinning of domain walls.

ermanent magnets are fundamental to the technological success in electric machines, and have found

applications in a wide range of devices due to their unique ability to deliver magnetic flux into the air

gap of a magnetic circuit without continuous expenditure of energy'. A breakthrough came in 1984 with a
discovery of Nd,Fe; 4B phase when Croat et al and Sagawa et al were able to obtain large coercivity (H,) in Nd-Fe-B
alloys by using melt-spinning and powder metallurgy technique, respectively’™. Since then, Nd-Fe-B magnets
with a maximum energy product ((BH),,,,) over 450 kJ/m® have been exploited and 90% of the limit for the
(BH),ax can be produced commercially in sintered Nd-Fe-B magnets’. However, it appears that the search for
novel hard magnetic materials with higher (BH),,,,,, has somewhat stagnated and no further breakthrough is in
sight. Understanding the coercivity mechanism has a substantial impact on developing novel permanent materi-
als. Three important coercivity mechanisms were used widely in permanent magnets. Nucleation of domain
model demonstrates that the nucleation of reverse domains is at surface irregularities and defects with low
anisotropy®’. It has been used effectively in sintered Nd,Fe;,B, SmCo, bonded BaFe;,O0,9 and Sm,Fe;;N;
magnets®. The domain wall pinning model shows that the inhomogeneities present in the sample can prevent
domain wall motion resulting in high coercivity™'’. It has been an important coercivity mechanism in Sm,Co; ;-
based magnets and melt-spun Nd,Fe,,B alloys®. ‘Exchange hardening’ illustrates that a reasonable high coercivity
is obtained resulting from an increase of the nucleation field by the exchange coupling between soft and hard
magnetic phase in nanocomposite alloys'"'">. However, the above three models cannot explain well the amorph-
ous phase produced hard magnetic behavior of Nd-based bulk amorphous alloys (BAAs).

Since the NdgoFe3pAl;o bulk amorphous alloy was first reported in 1996'>', Nd-Fe-Al based BAAs have been
growing interest because of exceptional hard magnetic property at room temperature. It is of interest to note that,
although the term amorphous is used, the common feature of the microstructure in Nd-based BAAs is the
presence of clusters or nanocrystals, which vary in diameter from 1.2 nm to 20 nm, embedded in an amorphous
matrix in these materials'~*°. Despite much effort, the mechanism leading to the hard magnetic behavior of Nd-
based bulk amorphous alloys is still under hot debate. In this work, we have studied the relationship between the
microstructure and magnetic properties upon annealing of as-cast NdgoFe39Al; o alloy to gain a deeper insight into
the coercivity mechanism by a devitrification process. Our results showed that the coercivity in NdgoFesoAl;o
alloy resulted from combined effect of magnetic interaction and domain wall pinning. The magnetic interaction
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(b) 655 K

Figure 1| (a) BSE image of as-cast NdgoFesoAl;o sample; (b)—(f) BSE
images of NdgoFe30Al;o samples annealed for 20 min at 655 K, 670 K,
700 K, 715 K and 745 K, respectively.

was sensitive to annealing temperatures, while the role of domain
wall pinning was less affected during the crystallization process.

Results

Back-scattered electron (BSE) images of as-cast NdgoFe39Al; g sample
and samples annealed at different temperatures for 20 min are
shown in Figure 1. Two regions with different contrast (marked as
A and B, respectively) was observed, as shown in Fig. 1(a). Further
investigation of these two regions by TEM is shown in Figure 2. The
insets in Fig. 2(a) and 2(b) are the selected area diffraction patterns
(SADPs), which show rings corresponding to hexagonal-close-
packed (HCP) Nd phase. The TEM images showed that region A
and region B had similar microstructure, that is, both regions had
HCP Nd phase of 5-20 nm in size embedded dispersively in an
amorphous matrix. However, the energy dispersive spectrometer
(EDS) analysis showed that the amorphous phase in region A had
the chemistry of Ndgg oFes0 1 Aly, while Nds Fess sAljg 5 in region B.
When the sample was annealed at 655 K (see Fig. 1(b)), the volume
fraction of region A decreased, while that of region B increased. After
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annealing at 670 K, the volume fraction of region A further
decreased due to decomposing into band-like phase (marked as a
square with a dotted line) and Nd-rich phase (marked as an arrow),
as shown in Fig. 1(c). When samples were annealed at 700 K and
715 K, the region A disappeared. The growth of band-like phase
(marked as C) and Nd-rich phase (marked as D) resulted in the
decrease of the volume fraction of region B, as shown in Fig. 1(d)
and 1(e), respectively. After the sample was annealed at 745 K, the
NdgoFes0Al; alloy entered a complete crystallization state consisting
of the band-like phase and Nd phase. The band-like phase has fine
lamellar structure, and its exact composition of individual lamellae
could not be accurately measured by EDS. Hence, the EDS gave an
average composition of band-like phase as Nd,oFe sAl,.

The hysteresis loops of as-cast NdgoFe;oAl o sample and samples
annealed for 20 min at various temperatures are shown in
Figure 3(a). It is found that as-cast sample showed hard magnetic
behavior with an intrinsic coercivity (H,) of 286 kA/m, which was a
slight higher than 277 kA/m reported by Inoue™. In order to observe
the trend of the change of H/, remanence (M,) and saturation mag-
netization (M;) during the annealing process, the percentage change
in comparison to the as-cast sample as a function of annealing tem-
peratures is shown in Fig. 3(b). Annealing at 655 K and 670 K
decreased H,' by less than 20%, while the values of M, and M, showed
differences less than 3%. When samples were annealed at temper-
ature higher than 700 K, values of M, and M, decreased significantly
due to the decrease of the volume fraction of region B (see Fig. 1(d)).
It is of interest to note that the decrease was much smaller in H, than
M, and M. For example, samples annealed at 725 K showed that M,
and M, had 7% and 27.1%, respectively, while keeping 60.6% H,'". It
indicates that samples annealed at 725 K still remain as hard mag-
netic material even though M, and M; are low. When the annealing
temperature reached 745 K, the sample consisted of Nd phase and
band-like phase resulting in a disappearance of hard magnetic prop-
erties. Hence, deduced that neither the band-like phase nor the Nd-
rich phase were ferromagnetic at room temperature. Our measured
Curie temperature (T¢) for as-cast sample and samples annealed at
various temperatures had a same value, 526 K, demonstrating that
these samples had the same magnetic phase. Moreover, it is close to
the T¢ of amorphous phase? indicating that the amorphous phase is
only the magnetic phase. To further understand the coercivity mech-
anism, the magnetic interaction was investigated.

In as-cast sample and samples annealed at 655 K, 670 K and
700 K, we found that the ratio of M, and M, was more than 0.5
suggesting the presence of magnetic interaction''. An effective
method of understanding the phenomenon of magnetic interaction
is via so called the Henkel plot®'. Wohlfarth showed that for non-
interacting single-domain particles®,

(b) Region B

Figure 2 | TEM images of region A (a) and region B (b) of as-cast NdgoFespAl,o sample.
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My(H) = 1—2M,(H) (1)

where M,; (H) and M, (H) are the reduced magnetization and reduced
remanent magnetization, respectively.

Eq. (1) should show a straight line for non-interacting domain
particles. It was first noted by Henkel the experimental variation gave
characteristic plots which showed both positive and negative curv-
ature®'. The positive deviation with the curve concave downwards
indicates the presence of magnetic interaction. Figure 4 shows
Henkel plots of as-cast NdgoFe3oAl, alloy and the samples annealed
in the temperature range 655 K-725 K for 20 min. It is seen that, for
the as-cast sample, a Henkel plot crosses the non-interaction line
(marked as a dash line in Fig. 4). A positive deviation (marked as
an arrow) from the linear plot suggests the presence of strong mag-
netic interactions. However, for samples annealed at 655 K, 670 K
and 700 K, a reduction of magnetic interaction was observed. When
the samples were annealed at temperatures higher than 700 K, the
magnetic interaction was very weak, which is not considered as the
origin of coercivity in this case. However, it is worthy of note that
these samples still remain as a hard material. For example, the value
of H' is 214.7 kA/m, 202.3 kA/m and 173.4 kA/m for samples
annealed at 700 K, 715 K and 725 K, respectively. It indicates that
the magnetic interaction cannot explain well the origin of coercivity
of the NdgoFes0Al, alloy.
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Figure 3| (a) Hysteresis loops of as-cast NdgoFesoAl, alloy and the
samples annealed for 20 min at 655 K, 670 K, 700 K, 715 K, 725 K and
745 K, respectively. (b) The percentage change of M,, M; and H/in
comparison to the as-cast sample as a function of annealing temperature.

For the case of strong pinning of domain walls developed by
Gaunt®, the intrinsic coercivity, H/, as a function of temperature,

T, is given by
i 1/2 2/3
H 75kg T
=) =1 (2 ()
Ho 4bt

where Hj, is the critical field (the field required to release a domain
wall from a pinning centre) at T = 0, kg is Boltzmann constant, f the
maximum restoring force per pin, and 4b is the interaction range of a
pin. The domain wall width, J,,, can be equated with 4b. The tem-
perature dependence of the coercivity in the Nd-based alloys found
that the coercivity reached a maximum at temperature T,y in the
temperature range 10 K-425 K***”. Investigations showed that the
covercivity above Ty, followed Gaunt’s strong pinning of domain
walls**?”. Hence, in our work, only values of coercivity above Tpeax
are considered. The temperature dependence of the coercivity in the
temperature range 140-300 K is shown in Figure 5. The simple linear
relationship between (H/)'?> and T*° demonstrates a very good
agreement with the strong domain pinning model in as-cast
NdgoFespAl; sample and samples annealed in the temperature range
655 K-725 K. In this case, coercivity arises from impediments to
domain wall motion due to magnetic inhomogeneities or pinning
centers, including precipitates or any region with magnetic property
different from the matrix. Hence, combined with Henkel plot result,
we propose that the origin of coercivity in as-cast NdgoFe3pAl;o bulk
amorphous alloy is from a combination of magnetic interaction and
strong pinning of domain walls.

Discussion

The origin of magnetic interaction is continued debate in Nd-based
alloys. McCallum and his co-workers suggested it was from the
coupling of J-phase (NdgFe;3 Al 1y, 2 <x < 5.5) to the ferromag-
netic matrix in an “exchange-bias” type manner in Nd-Fe-Al alloys'®,
while Wei et al confirmed that the interaction was from exchange
coupling between magnetic clusters by observation of domain walls
using magnetic-force microscopy in the NdgoFe,9Al;¢Co;g alloy™®. In
our work, the magnetic interaction has a close relationship with the
presence of region A and region B in Fig. 1(a). Although the TEM
result showed that region A and region B had similar microstructure
with HCP Nd phase in size of 5-20 nm embedded in the amorphous
phase, the EDS analysis have showed that the chemistry of the
amorphous phase in region A and region B was different. Since the
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Figure 4 | Henkel plots of as-cast NdgoFe3Al, alloy and samples
annealed for 20 min at 655 K, 670 K, 700 K, 715 K and 725 K,
respectively.
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Figure 5 | (H.)"? as a function of T** in the temperature range 140~
300 K for as-cast NdgoFe;pAl;o alloy and annealed for 20 min at 655 K,
670 K, 700 K, 715 K and 725 K, respectively.
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amorphous phase is the only magnetic phase in the alloy, it is
deduced that the magnetic interaction is sensitive to the presence
of the amorphous phase with different composition. In the role of
domain wall pinning of the as-cast NdgoFe;9Al; alloy, it does appear
that an effect of pinning domain wall relates to the size of the crystal-
lites. When the size of particles or crystallites is comparable with the
domain wall, it is expected that it will pin domain walls, as when this
condition applies pinning is known to be most pronounced®. Hence,
in our case, nanosize Nd phase can act as pinning centers, due to the
size is comparable to the domain wall width (J ,, = 11 nm?*®).

It is interesting to note that the role of domain wall pinning is less
affected during crystallization, while the magnetic interaction is
dependent on annealing temperature. When samples were annealed
at 655 K and 670 K, the decrease of the magnetic interaction was
observed. When samples were annealed above 700 K, the magnetic
interaction was depressed due to significant decrease of the volume
fraction of region A. In this case, the negative deviation with the
curve concave upwards was observed in Henkel plot (see Fig. 4),
which may result from the impedance of domain walls*. Given the
strong evidence for the pinning model shown in Fig. 5, we conclude
the role of strong pinning of domain walls is dominant in samples
annealed above 700 K.

In summary, our results showed that magnetic property had a
close relationship with the microstructure during the devitrification
process in the NdgoFe;gAl; alloy. The values of M, and M had minor
change in samples annealed at 655 K and 670 K, whist showed sig-
nificant decrease after annealing higher than 700 K. However, the
samples annealed over 700 K still remained as hard magnetic mater-
ial even though M, and M; were low. An unusual coercivity mech-
anism is proposed, that is, the coercivity in the Ndg,FesAl;, alloy is
from the combination of magnetic interaction and strong pinning of
domain walls. The latter one is less affected during crystallization,
while the magnetic interaction is dependent on annealing temper-
ature. When annealing temperatures were higher than 700 K,
the magnetic interaction was depressed and the role of domain
walls pinning was dominant. The present work provides a new
idea to develop prospective permanents alloys with good magnetic
properties.

Methods

Alloy ingots with a nominal composition of NdgoFesoAl;q were prepared by arc-
melting 99.99% pure Nd, Fe and Al in a high pure argon atmosphere. The cylindrical
rods of 2 mm in diameter and 50 mm in length were prepared by copper mold
suction casting. The as-cast samples were annealed at various temperatures in the

range 655-745 K for 20 min in a vacuum furnace with a pressure of less than 2 X
107 Pa. The microstructure of samples was studied by a scanning electron micro-
scope (SEM, SU1510) equipped with an in-situ energy dispersive spectrometer (EDS)
and transmission electron microscope (TEM, JEM 2010F) with a field emission
electron gun operating at 200 kV. TEM samples were made by a focus ion beam (FIB)
(FEI Helios 600i). Magnetic hysteresis loops at room temperature were performed
using a Lake Shore 7407 vibrating sample magnetometer (VSM) with a maximum
magnetic field of 1.8 T. The Henkel plot was determined from the measurement of
isothermal remanence magnetization (IRM) and DC demagnetization (DCD) curve.
The samples for IRM and DCD curves were virgin state. The detailed measurement of
IRM and DCD curve was introduced in reference 30. The temperature dependence of
the coercivity was measured by using a Quantum Design Physical Property
Measurement System (PPMS) equipped with a 9 T magnet. Major hysteresis loops
were measured in the range 140 K to 260 K, and the intrinsic coercivity determined
from each hysteresis loop.
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