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Abstract The glass forming ability (GFA) and magnetic
properties for Feyg_,Co,7Zr;3Nd, By, (x = 0-6) alloys were
investigated. It was found that the proper addition of Nd
(4-5 at.%) was very effective in improving GFA. The
as-cast Fey4Co,7,Z1r3Nd4B,, and Fe43Co,7,Zr3NdsB,, alloys
exhibited good soft magnetic behavior, while showed hard
magnetic property after annealing at 760 °C for 10 min.
Bulk permanent magnets were obtained from crystalliza-
tion of amorphous alloys, which could provide a promising
way for the bulk magnet produced by the simple process of
copper mold casting and subsequent heat treatment.

Introduction

Metallic glasses with unique mechanical and physical
properties are believed to have considerable application
potentials as advanced engineering and functional materi-
als [1-9]. Since the amorphous Fe—P—-C alloy prepared by
rapid solidification technique in 1967 [10], Fe-based
amorphous ferromagnetic alloys are being investigated for
their promising use in electrical devices. However, these
alloys have usually been prepared in ribbon form and wire
form because of their poor glass forming ability (GFA),
leading to the restriction of their application fields [11, 12].
Therefore, it is desired to develop Fe-based alloy with high
GFA to extend their industrial applications. Since 1995,
a series of Fe-based bulk metallic glasses (BMGs) with
high GFA and good soft ferromagnetic properties have
been found [13-20]. In 2000, on the basis of Nd-Fe-B-
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based alloy, Zhang and Inoue [21] reported that fully dense
Nd,Fe4B/(Fe;B, «-Fe) nanocomposite permanent magnet
could be produced by crystallization of bulk glassy
Feg7Co9 4Nd3 | Dy(.5Bg alloy. The hard behavior is due to
the ferromagnetic exchange coupling between magneti-
cally soft and hard phases. Traditionally, Nd-Fe-B per-
manent magnets are produced by melt spinning or
mechanical alloying. Several steps are required to obtain a
final product with optimal magnetic properties, which has
disadvantages of high manufacturing cost and long pro-
duction time. The significance of Zhang’s work is that they
provide one promising way for the bulk magnet produced
by the simple process of copper mold casting and sub-
sequent heat treatment, which extends the applications of
Fe-based BMGs as important functional materials.

Zhang’s method included two points. That is, BMGs
were got first and then bulk permanent alloys could be
obtained after the heat treatment of glassy alloys. In our
previous work [22-24], bulk FeqCoioNd3Y¢B,o and
FeggZr,NdsY 4B, permanent magnets had been made by
this way. However, the GFA of Feq;Co;oNd3Y¢B,y and
FegsZr,NdsY 4B, alloys are not good enough to get BMGs
with large size, which triggers us to find more Fe-based
systems with high GFA and synthesize the permanent
magnet in a bulk form by crystallization amorphous alloys.
Based on Fe—-Co-Zr-B alloy, a series of BMGs had been
formed by minor addition [14, 25, 26]. However, they
exhibited soft magnetic properties for as-cast state or
annealing state.

In this work, the GFA and magnetic properties for
Fe—Co—Zr—Nd-B alloys were investigated. Nd was selec-
ted as candidate element because it satisfied the empirical
rules for the achievement of Fe-based BMGs with high
GFA [27, 28]. Furthermore, by adding Nd to the Fe—Co-
Zr-B system, Nd,Fe 4B phase might be formed and
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expected to make alloys exhibit hard magnetic property
after heat treatment.

Experimental
Materials

The Feyug_,Coy7Z13Nd, B,y (x = 0-6) alloy ingots were
prepared by arc melting mixtures of pure metals Fe, Co, Zr,
Nd, and Fe-B alloy under argon atmosphere. The ingots
were melted four times to ensure homogeneity. Bulk sheet
specimens (1 mm x 10 mm x 80 mm) were prepared by
suction casting of the molten alloy into a copper mold. The
samples were annealed in a furnace with a vacuum of
2 x 107 Pa at 760 °C for 10 min.

Characterization

Structural investigations of the as-cast and annealed sam-
ples were monitored by X-ray diffraction (XRD) in a
Siements D5000 diffractometry using Cu Ko radiation. The
thermal behavior of alloys was measured using differential
scanning calorimetry (DSC) under argon atmosphere at a
heating rate of 20 °C/min. Magnetic properties of the
alloys were measured using a vibrating sample magne-
tometer with a maximum applied field of 1.8 T at room
temperature.

Results and discussion
Glass forming ability
Figure 1 shows XRD spectra of as-cast Feyg_ ,Cooy

Zr3Nd,B,; (x = 0-6) samples. For the Fey3C0,7Zr3B5s
(x = 0) alloy, the specimen exhibits sharp crystalline peaks
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Fig. 1 XRD patterns for Fess_,C0,7Zr;Nd, By, (x = 0-6) alloys
prepared by suction casting
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which identified o«-Fe phase. When Nd content reaches
3 at.%, o-Fe peak is depressed. XRD patterns for x = 4 and
x = 5 samples reveal the characteristic broad diffraction
peaks typical of a fully amorphous structure, which indi-
cates bulk amorphous Fes,Co,7Zr3Nd4B,, and Fey3Coy7
Zr;NdsB,, alloys are formed in Fe—Co—Zr—Nd-B system.
However, with a further increase Nd content to 6 at.%, the
XRD pattern exhibits sharp peaks indicating the formation
of CosNd phase. Therefore, it may be deduced that the
proper addition of Nd (4-5 at.%) is very effective in
improving the GFA of Fe—-Co-Zr-Nd-B alloys.

The DSC curves recorded at a constant heating rate of
20 °C/min for Feyg_C0,7Zr3Nd, By, (x = 3-6) alloys are
shown in Fig. 2. The obvious exothermic peaks caused by
crystallization are observed for all samples. As marked
with arrows, the offset crystallization temperature (7))
increases from 631 °C at x =3 at% to 662 °C at
x = 6 at.%, indicating that the thermal stability of the
amorphous alloys increases with the addition of Nd. The
values of T, are shown in Table 1. However, neither
appreciable endothermic reaction due to glass transition
nor the subsequent supercooled liquid region before crys-
tallization is observed, which is similar to what occurs for
(Fe71,2B24Y4,8)96Nb4 and Fe-Co-Pt-B alloy [29, 30]

It is known that the GFA of metallic alloys is generally
characterized by the supercooled liquid region, AT, = T,
— T,, reduced glass transition temperature T,, = T,/T; and
y value (y = T,/(Tg + Ty)) [31]. In this work, the absence
of T, means that AT,, T,,, and y concepts cannot be
employed to evaluate the GFA of the Feug_,Co,7Zr3
Nd,B,, (x = 3-6) alloys. However, as shown in Fig. 1, the
proper addition of Nd (4-5 at.%) is very effective in
improving the GFA.

It is interesting to note that the addition of Nd which
exhibits positive enthalpy of mixing with Fe (41 kJ/mol)
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Fig. 2 DSC curves of the Fess ,C0,7Zr;Nd, By, (x = 3-6) alloys
prepared by suction casting
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Table 1 Values of T,, grain size of magnetic phases, and magnetic property of Fesg,C0,7Zr;Nd, B, (x = 3-6) alloys

Component T, (°C) M (Amz/kg) iH. (kA/m) M, (Amzlkg) Grain size (nm)

Nsze 1 4B a-Fe FeB
x=3 631 - - - - - -
x=4 640 76 51 (760 °C/10 min) 22 58 38 40
x=25 656 57 179 (760 °C/10 min) 21 45 30 35
x=06 662 - - - - - -

and Zr (410 kJ/mol) [32], results in GFA improvement,
which is similar to Guo’s result [33]. The reason can be
discussed from three aspects. First, Nd has large negative
heat of mixing with Co (—24 kJ/mol) [34] and B (—49 kJ/
mol) [35], which might help to maintain the stability of the
liquid phase. Next, the chemical incompatibility in Nd-Fe
pair and Nd—Zr pair is overcome by a positive atomic size
effect. In the Fe—-Co—Zr-Nd-B system, the addition of Nd
element causes the more change in atomic size in the order
of Nd > Zr > Co > Fe > B. The large atomic size mis-
match: Zr-Nd 12%, Co-Nd 31%, Fe-Nd 30%, and B-Nd
50%. It is favorable for forming densely packed random
structures with high thermal stability according to empiri-
cal rules [27]. Finally, as seen in Fig. 1, a small amount of
Nd (4-5 at.%) can suppress the formation of «-Fe phase.
Being a rare earth element, the role is similar to that of Y in
Zr-based alloy by suppressing the precipitation of the Zr,Ni
laves phase [36].

Bulk permanent magnets

Based on the results of Figs. 1 and 2, we choose
FC44C027ZT3Nd4B22 ()C = 4) and FC43C027ZT3Nd5B22
(x = 5) alloys to study in detail. The XRD patterns for
x =4 and x =5 alloys after annealing at 760 °C for
10 min are shown in Fig. 3. No appreciable difference in
the crystallized phases is observed. The diffraction patterns
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Fig. 3 XRD patterns for annealed Fe,4Co0,7Zr;Nd4B,, (x = 4) and
Fe43C0,7Zr3NdsB,;, (x = 5) samples at 760 °C for 10 min

are identified as «-Fe, Nd,Fe 4B, FeB, and an unknown
phase. However, with increasing Nd addition up to 5 at.%,
the relative diffraction peak intensities of hard magnetic
Nd,Fe 4B phase and unknown phase increase, while that of
soft magnetic o-Fe phase decrease. It is suggested that
more Nd,Fe 4B phase and the unknown phase form and
less a-Fe phase form in the Fe 3Co,,Zr3;NdsB,, alloy. The
average grain size of hard magnetic and soft magnetic
phases is calculated from the width of the diffraction peaks
employing the Scherrer formula [37] and shown in Table 1,
indicating that the annealed alloys consist of nanometer-
sized crystallites.

The hysteresis loops of Fe44C0,7Zr;Nd4B,; (x = 4) and
Fe43C0,7Zr3NdsBy,; (x = 5) alloys after annealing at
760 °C for 10 min are shown in Fig. 4a, b. For comparison,
the hysteresis loops for as-cast sample is also included.
It can be seen x = 4 and x = 5 alloys have similar mag-
netic behavior. That is, the as-cast samples exhibit soft
magnetic property while present hard magnetic behavior
after annealing at 760 °C. The hard magnetic properties are
shown in Table 1.

It is noteworthy that saturation magnetization (M) is
76 Am?/kg for x = 4 alloy and 57 Am?/kg for x = 5 alloy,
respectively. Although some magnetic phases, such as
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Fig. 4 Hysteresis loops of as-cast and annealed Fey4Co0,7Zr;Nd4Bys
(x = 4) alloy (a) and Fe43Co0,7Zr3NdsBy, (x = 5) alloy (b) at 760 °C
for 10 min
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Nd,Fe 4B, o-Fe, and FeB phases, are presented after
annealing at 760 °C, the values of M, are not as high as
expected (values of M, for a-Fe, Nd,Fe 4B, and FeB are
218, 160, and 150 Amzlkg [38], respectively). Therefore, a
speculation can be made that the unknown phase is non-
magnetic phase or magnetic phase with low saturation
magnetization, which has less contribution to the magnetic
property of annealed Fe yCo0,,Zr3Nd4B,, alloy and
Fe,3C0,7Zr;NdsB,, alloy. As Nd content increases from 4
to 5 at.%, M, decreases from 76 to 57 Amzlkg, which is
due to less formation of soft magnetic o-Fe phase.
Although the annealed alloys consist hard and soft mag-
netic phases, the smooth hysteresis loops without any steps
are typical of a single-phase magnet. It is suggested that the
hard magnetic properties can be interpreted to result from
exchange magnetic coupling between nanometer-sized
hard magnetic and soft magnetic phases. That is, bulk
permanent magnets can be obtained by the simple process
of copper mold casting and subsequent heat treatment.
In addition, the value of coercivity (;H.) for Fe 3C0,7Zr3
NdsBy, (x =5) alloy is 179 kA/m, higher than that of
Fe44C0,7Zr;NdB,; alloy (51 kA/m). There are two pos-
sible reasons. One is that the volume fraction of the
Nd,Fe 4B phase increases for the annealed Fey3Co,7Zr3
NdsBy, alloy as shown in Fig. 3. The other is that smaller
grain size of magnetic phases could enhance exchange
magnetic coupling interaction.

It should be noted that the reduced remanence (M, /M) is
less than 0.5, which is contrary to commonly reported in
exchange-coupled type magnets. The possible reason is
that non-ferromagnetic or weak-ferromagnetic unknown
phases are in the coexistence with hard and soft magnetic
phases, which may weaken the exchange coupling between
soft and hard magnetic phases. Hence, the magnetic
property of Fesg_Co,7Zr3Nd, B,y (x = 4-5) alloys could
be further improved if the minor addition and proper
annealing treatment are properly chosen and controlled.

Conclusion

In this study, proper addition of Nd (4-5 at.%) was very
effective in improving GFA of Fe-Co-Zr-Nd-B alloys.
The bulk amorphous Fe,4Co0,,Zr3Nd4B,, and Fe,3Co,,Zr3
NdsB,, alloys were obtained. Especially, the as-cast
Fe44C0,7Zr;Nd4B,;, and Fey3C0,7,Z1r3NdsB,, alloys exhib-
ited soft magnetic behavior, while presented hard magnetic
behavior after annealing at 760 °C for 10 min. That is, bulk
Fe44C027Zr3Nd4B22 and Fe43C027Zr3Nd5B22 permanent
magnets could be produced by the simple process of copper
mold casting and subsequent heat treatment.
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