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Bulk amorphous alloys from the Nd(Pr)-Fe(Co)-Al
system have attracted considerable interest because of
their potential for use as permanent magnets with high
coercivity. In particular, the Nd60Fe20Al10Co10 exhibits
some remarkable features such as the absence of a glass
endothermic reaction to glass transition temperature,
hard-magnetic behavior, and the good glass forming
ability claimed attractive [1–5]. It is proposed that the
high coercivity is due to the formation of ordered clus-
ters with large random magnetic anisotropy in the amor-
phous matrix. Elemental substitution is considered to
be an effective way to improve magnetic properties. It
has been demonstrated that B alloying additions can
enhance coercivity for Nd-Fe-Al system while main-
taining the high glass forming ability [6, 7]. Further-
more, Nd2Fe14B phase might be precipitated and im-
prove magnetic properties. The aim of this paper is to
study the influence of B substitution for Al on the struc-
ture and magnetic properties of Nd60Fe20Al10−xCo10Bx

alloys (x = 0, 2, 5).
Alloy ingots of nominal composition of

Nd60Fe20Al10−xCo10Bx (x = 0, 2, 5) were pre-
pared by arc melting mixtures of the pure elements
Nd, Fe, Al and Co and Fe-B alloy in an argon
atmosphere. The sheet specimens (dimensions 1
mm × 10 mm × 50 mm) were obtained by suction
casting of the molten alloy into a copper mold. The
Crystallization processes of the amorphous alloys
were investigated by using a Perkin-Elmer differential
scanning calorimeter (DSC). The structural analysis
was carried out using X-ray diffractometry (XRD)
with a Siements D5000 diffractometer using Cu-Kα

radiation and a HITACHI S-570 scanning electron
microscope (SEM) equipped with energy dispersive
spectroscopy (EDS). Magnetic measurements were
performed using a vibrating sample magnetometer
(VSM) with a maximum applied field of 1.8 T.

Fig. 1 shows the X-ray diffraction patterns of as-
cast Nd60Fe20Al10−xCo10Bx (x = 0, 2, 5) samples.
No obvious crystalline peaks were found for the
Nd60Fe20Co10Al10 (i.e., x = 0) alloy. Upon addition
of 2 at.% B, the as-cast sample has a small amount
of hexagonal Nd phase coexisting with an amorphous
matrix. On increasing the B content to 5 at.%, more
crystalline diffraction peaks, which can be identified as
hexagonal Nd phase, NdFe4B4 phase and an unknown
phase (U phase), are observed. This suggests that the

Figure 1 XRD patterns of as-cast Nd60Fe20Co10Al10−xBx (x = 0, 2, 5)
alloys.

glass forming ability of Nd60Fe20Al10−xCo10Bx (x = 0,
2, 5) alloys decreases with increasing additions of B.

Fig. 2 shows SEM images of the as-cast
Nd60Fe20Al10−xCo10Bx (x = 0, 2, 5) alloys. The lack of
obvious contrast in Fig. 2a, indicates that an amorphous
structure is formed in the as-cast Nd60Fe20Al10Co10 al-
loy. Both Fig. 2b and c display a matrix (A) and a dark
irregularly shaped second phase (B). Moreover, some
gray regions (marked C) are observed in Fig. 2c. The lo-
cal average elemental compositions (except for boron)
were obtained using EDX analysis. The results are
shown in Table I. It is revealed that the region B is Nd-
rich phase (≈Nd74Fe10Al7Co9 and Nd73Fe13Al5Co9 for
x = 2 and x = 5 alloys, respectively). The region C is
Fe-rich phase (≈Nd44Fe44Al3Co9).

The DSC curves obtained at a constant heating rate
of 20 K/min for the as-cast Nd60Fe20Al10−xCo10Bx (x

T AB L E I EDS analysis of as-cast samples of Nd60Fe20Al10−x

Co10Bx (x = 0, 2, 5).

Nd60Fe20

Al10Co10

Nd60Fe20

Al8Co10B2

Nd60Fe20

Al5Co10B5

Alloy (at.%) Matrix A Matrix A B Matrix A B C

Nd 61 60 74 61 73 44
Fe 20 19 10 20 13 44
Al 9 10 7 7 5 3
Co 10 11 9 12 9 9
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Figure 2 SEM images of as-cast Nd60Fe20Co10Al10−xBx alloys (a) x = 0, (b) x = 2, and (c) x = 5.

= 0, 2, 5) alloys are shown in Fig. 3. Some char-
acteristic features can be seen: (1) There is a wide
exothermic reaction peak over the temperature range
from 600 to 750 K for Nd60Fe20Al10Co10. After 2–
5 at.%B was added, the wide exothermic peak disap-
peared. (2) An exothermal peak related to crystalliza-
tion is clearly found in all the DSC curves, indicating
that these samples are mainly composed of amorphous
phase, which is in agreement with the results of XRD.
(3) Neither a glass transition nor a supercooled liq-
uid region before crystallization are observed for x =
0, 2, and 5 alloys. (4). The crystalline temperature Tx

decreases with addition of 2 at.%B. Further increase
of B content has no significant effect on the Tx. (5)
The endothermic peaks associated with melting can
be seen for the Nd60Fe20Al10−xCo10Bx (x = 0, 2, 5)

Figure 3 DSC curves of as-cast Nd60Fe20Co10Al10−xBx (x = 0, 2, 5)
alloys.

as-cast alloys. The melting process changes from two
steps to a single step when B content is increased to
5 at.%.

It is interesting to note that the wide exother-
mic reaction peak ranging from 600 to 750 K for
Nd60Fe20Al10Co10 disappeared after B was added. For
the Nd60Fe20Al10Co10 bulk amorphous alloy, Wei et al.
[4] have pointed that the amorphous phase is a highly
inhomogeneous system on the nanometer scale. The
appearance of a wide temperature range corresponds
to multi-stage crystallization as a result of composition
inhomogeneity. According to the results of XRD and
SEM, B additions lead to crystallization of regions of
the amorphous phase.

Fig. 4 shows hysteresis loops as a function of B
content for the Nd-Fe-Al-Co-B alloys. All of the

Figure 4 Hysteresis loops of as-cast Nd60Fe20Co10Al10−xBx (x = 0, 2,
5) alloys.
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T AB L E I I Comparison of hard magnetic properties for
Nd60Fe20Al10−xCo10Bx (x = 0, 2, 5) alloys

Nd60Fe20Al10−x

Co10Bx iHc (k A/m) σ s (Am2/kg) σ r (Am2/kg)

x = 0 346 13.80 10.45
x = 2 363 13.10 8.85
x = 5 389 12.12 8.07

alloys show hard magnetic behavior at room temper-
ature regardless of the coexistence of amorphous and
crystalline phases for as-cast Nd60Fe20Al10−xCo10Bx

alloys. It is suggested that the hard magnetic properties
are not dependent on the amount of amorphous phase in
the alloy. Substituting B for Al significantly increased
the intrinsic coercivity (iHc) from 346 kA/m for x = 0
to 389 kA/m for 5 at.% B addition, while the satura-
tion magnetization (σ s) and remanence (σ r) decrease
monotonously from 13.80 to 12.12 Am2/kg and 10.45
to 8.07 Am2/kg, respectively (also see Table II).

In Nd60Fe20Al10−xCo10Bx (x = 2, 5) alloys, an
amorphous phase coexists with a relatively high
volume fraction of crystalline phases such as Nd
and NdFe4B4, which are paramagnetic at room
temperature [8]. Therefore, the high coercivity of
Nd60Fe20Al10−xCo10Bx alloys is mainly attributed to
the amorphous phase. According to the cluster model
of the Nd-Fe magnetic system [9], the high coerciv-
ity of the cast Nd60Fe20Al10Co10 bulk amorphous alloy
originates from the magnetic exchange coupling inter-
action among the magnetic clusters with large random
anisotropy. The coercivity of this magnetic system is
determined by the number and the size of the magnetic
clusters [10, 11]. Thus, it may be expected that an in-
crease in the coercivity is due to an increase in the num-
ber and size of the ferromagnetic clusters in the amor-
phous phase as B substitutes for Al. The structure of the
ordered clusters in the Nd60Fe20Al10−xCo10Bx (x=2, 5)
alloys is the subject of future investigations. The precip-
itation of the Fe-rich phase (≈Nd44Fe44Al3Co9) from
the amorphous matrix of Nd60Fe20Al5Co10B5 alloy can

decrease the concentration of Fe content in the amor-
phous phase, which results in an apparent decrease in
σ s and σ r.

In conclusion, B substitution for Al for the as-cast
Nd60Fe20Al10−xCo10Bx (x = 0, 2, 5) alloys decreases
the glass forming ability of the alloys. The as-cast
Nd60Fe20Al10−xCo10Bx (x = 0, 2, 5) alloys show hard
magnetic behavior. The addition of B increases the
intrinsic coercivity significantly while the saturation
magnetization and remanence decrease monotonously
at room temperature. The addition of B can lead to pre-
cipitation of an Fe-rich phase from the as-cast alloy,
which results in an apparent decrease in σ s and σ r.
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