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The injection-molded metallic glass soft magnet is prepared from the powder of melt-spun ribbon of
Fe36Co036B29SisNby glassy alloy and Nylon 6,6 of wt.% from 5 to 20 via the polymer injection molding
technology. The product is characterized by the SEM, mechanical, and magnetic test. The results indicate
that this type of materials has comparable mechanical properties and morphological feature with the
conventional injection-molded NdFeB magnet and exhibits excellent soft magnetic behaviors. The magnetic
properties of the injected magnets are compared with the raw metallic glass, solvent-casted resin bonding
magnets, and thermal-treated magnets to confirm that the processing temperature of Nylon injection does
not affect the magnetism. The injection technology is a practical processing method to be applied on the

metallic glass for potential usage.
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1. Introduction

Metallic glass has become an intensively researched material
since it was firstly synthesized in 1960 (Ref 1). The amorphous
feature of metallic glass provides many advantages such as high
strength, hardness, toughness, elasticity, and thermal stability
etc., and this type of materials subsequently draws rigorous
attentions in both scientific and industrial fields (Ref 2). Out of a
large number of amorphous alloys that has been studied, the
ferro-based metallic glass is especially interesting with its
unique magnetic property, e.g., the high saturation magnetiza-
tion, permeability, and low coercivity as a good soft magnet (Ref
3-5). However, because of the harsh requirements on the
manufacturing conditions, early technologies could merely
prepare the Fe-based metallic glass in very limited shapes, for
example, the thin melt-spun ribbon, wire, or powder in the scale
of tens micrometers (Ref 6). It was since A. Inoue et al. reported
the pioneer work of Fe-based bulk metallic glass (BMG) in 1995
(Ref 7), this type of materials has been rapidly developed in the
last two decades (Ref 8-10) and exploited for various engineer-
ing and industrial applications (Ref 6, 11).

Nevertheless, nowadays, manufacturing technologies for Fe-
based BMG still have severe limitations on the size and shapes of
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products. The most common preparation method for Fe-based
BMG is the water-cooled copper-mold injection casting tech-
nique, by which the BMG produced is usually in the size
of ~ mms and in simple cylindrical forms. The phrase “bulk” is
merely a relative description comparing to the 10-100 pm thin
ribbons prepared by the early melt-spun method. Although recent
endeavors have developed Fe-based BMG larger than 1 cm for
particular glassy alloys (Ref 12), it is still far away to meet the
sophisticated requirements on the size variation and complex
shapes of products from commercial and industrial (Ref 6, 13).

On the other hand, the injection-molded magnets (IMM) or
polymer-bonded magnets have been developed and manufac-
tured for decades (Ref 4, 14, 15). The IMM is produced by
traditional polymer injection method with the mixture of
magnetic metal powders and polymers as the raw materials,
e.g., the Nylon-bonded NdFeB magnets. With the easy
processing properties of thermal plastic polymers, this method
makes the products in complex and precise shapes possible at
very low cost (Ref 16). Therefore, due to the concerns on the
production of Fe-based BMG mentioned above, it is a
reasonable choice to apply the IMM technology onto the
magnetic metallic glass. Although there were researches on the
similar materials, the epoxy-bonded rapidly quenched melt-
spun ribbon of magnetic alloy in Ref 17 as an example, to the
best of authors’ knowledge, no research on injection-molded
metallic glass has been reported. In this work, we developed an
injection-molded metallic glass soft magnet IMMGSM) from a
well-studied Fe-based BMG FezCo036B20SisNby, which was
reported to be with excellent glass forming ability and soft
magnetic properties (Ref 18, 19), by the IMM method. The
morphological feature, mechanical, and magnetic properties
were preliminarily investigated.

2. Experimental

2.1 Materials and Preparation

The Fe36Co36B20Si4Nb4 master alloys were prepared by arc-
melting pure elements (99.9% metals and 99.5% boron) under
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argon protection. The ribbons of glassy alloy were prepared by
the regular melt spinning technique and then grounded into
powders under the size of ~5 um. The Nylon 6,6 was
dehydrated in oven at 100 °C for 24 h before injection. The
weight percentages of Nylon were ranged from 5, 10, 15 and
20% in the mixture, with 0.5 wt.% silane coupling agent (y-
aminopropyltriethoxysilane), 0.5 wt.%  lubricant  (N,N-
ethylenebisstearamide), and the rest component of metallic
glass powder from 79 to 94%. Regular injection conditions for
the commercial NdFeB-IMM were applied with the following
processing condition: the injection temperature 265 °C, the
mold temperature 80 °C, and the injection pressure 120 MPa.
The product is in the shape of dumbbell samples for the ASTM
D638 tensile test and V-notched rectangular samples with the
cross section of 12 x 3.2 mm for the ASTM D256 Izod impact
characterizations. A photograph of five IMMGSM dumbbell
samples is shown in Fig. 1.

2.2 Characterization

The crystallinity of metallic glass is characterized by x-ray
diffraction (XRD) (D/max-2200/PC, Rigaku Corporation). The
scan speed is as slow as 5 deg/min to reveal the existence of
tiny crystals. The morphological feature is observed by
scanning electron microscope (SEM) (Nova NanoSEM 450,
FEI). Magnetic properties of the as-prepared amorphous
specimens are measured by vibrating sample magnetometer
(VSM, Lake Shore 7407) with the maximum applied field of
800A/m at room temperature. The elongation test is executed
on universal electromechanical tester (Instron 4465) at the
strain rate of 5 mm/min. The impact test is executed on
universal pendulum impact tester (RAY-RAN Test Equipment
Ltd.) at room temperature.

3. Results and Discussion

3.1 The Amorphousness of Metallic Glass

Figure 2 presents the XRD results of the metallic glass
powders as the raw injection materials of the IMMGSM.
Comparing to the diffraction pattern of crystallized (Fe, Co)-B-
Si-Nb metal in the Ref 18, the pure amorphous pattern shown in
Fig. 2 without crystal diffraction peak clearly indicates the

Fig. 1 The photograph of IMMGSM dumbbell samples
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glassy feature of the alloy. Besides the confirmation of
successful glass forming by the conventional melt-spun
method, this result also assures that, the cracking and grounding
process of thin ribbons into powder of ~5 pm does not
recrystallize the materials, albeit this process involves rigorous
mechanical treatment and the consequent reheating. The XRD
characterization has also been done on the ribbon sample, the
result shows no non-trivial difference with the powder sample,
and therefore is not presented in Fig. 2.

3.2 The Morphological Feature

The SEM pictures of surface morphology are shown in
Fig. 3. Common feature of Nylon products is observed on the
scale from 10 to 100 um; lack of powder aggregations implies
that the metallic powders are well coated and bonded inside by
the Nylon matrix. Nevertheless, the lighter areas of electron
reflections in Fig. 3(b) and (c) indicate the existence of metallic
components. Generally, the SEM characterization confirms that
the IMM method is practical to be applied on the metallic glass
products, while no significant difference from the traditional
Nylon-bonded magnets is discovered.

A noticeable feature of pores in Fig. 3(a) should be
addressed, since normally the injection molding process does
not generate too many defects. The reason of these defects is
hypothesized as the immiscibility between the powder and resin
that the powders of irregular sizes retarded the polymers
flowing. The immiscibility issue can be reconfirmed by the
mechanical test which will be discussed later.

3.3 Mechanical Properties

Table 1 presents the elongation and impact test results of
Fe36CO36Bzosl4Nb4-IMMGSM with 10 wt.% Nylon 6,6 The
test of a regular NdFeB-IMM bonded with 10 wt.% Nylon 6,6
is included for comparison (10 wt.% is chosen because it is a
common ratio of commercial products). Five samples of each
set are characterized to obtain the average value and errors.
Comparing to the traditional NdFeB-IMM, there is no signif-
icant variation on the mechanical properties. It is easy to
understand this result that the metallic powders, either crystal or
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Fig. 2 The XRD characterization of Fe;5Co36B20SisNb, metallic
glass powders. The glass forming is confirmed by the amorphous
scattering pattern without the crystal peak
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glass, can be treated as an inert additive to the polymer resins in
the injection processing, and the mechanical strength mainly
depends on the properties of polymer matrix and processing
quality.

Other than the comparable results, minor variations can still
be indicated with different powders. The tensile strength and
elongation rate of IMMGSM are lower, probably because the

Fig. 3 The SEM images of injection-molded metallic glassy mag-
net. The magnitude is (a) 1000x, (b) 4000, and (c) 5000x, respec-
tively

powders developed from thin ribbons in laboratory are not in
fine spherical shape and uniform size, and subsequently have a
lower miscibility with polymers, while the NdFeB powder is
well-developed industrial product with narrow particle size
distribution. Irregular shapes and particle size of powders may
impair the stacking of metal powders inside the polymer matrix
and cause defects to lower the mechanical strength. This agrees
with the SEM observation of pores on the materials.

An impressive increment on the impact strength of
IMMGSM can be observed, and this may be due to the
excellent elasticity of metallic glass that the glass powders can
absorb and release more energy during impaction, while the
metallic glass has a featured elasticity and impact strength with
the more intensive atoms packing in the glassy state (Ref 2).
However, a number of facts can also be the potential reasons of
this enhanced impact strength, e.g., the surface coupling with
silane agent (which is also an important factor in the
mechanical properties of NdFeB-IMM), size and shape distri-
butions of the metallic powders, the internal structure of resin
matrix and powders arrangements, etc. Further systematic
experiments are in progress to study the reason of this
impressive property.

3.4 Magnetic Properties

The VSM test reveals the excellent soft magnetic properties
of the IMMGSM of Fe36C036B2()si4Nb4 in Flg 4. The
saturation magnetization is 0.670 +0.014 T, and coercive force
is 1.9 A/m. Comparing to the magnetic properties as
B;=1.14T, H.=15 A/m of the original Fe-Co-B-Si-Nb
BMG reported in the Ref 19, the sacrifice on the magnetism
is significant due to the low stack density of metal powders.
Notwithstanding, the magnetization is still sufficient in various
applications, and it can be expected to serve as an excellent soft
magnetic materials.

An important concern in the injection molding technique
applying onto the metallic glass materials, is the potential
effects of processing temperature. Although the Curie Temper-
ature of Fe-Co-B-Si-Nb BMG has been reported in the range of
~680 K (Ref 18), which is sufficiently higher than the injection
temperature of ~250 °C, nevertheless it is not a safe assump-
tion that the injection will not affect the soft magnetism of the
product, since the glassy materials are usually sensitive to the
temperature and the reheating process. Therefore, we prepared
a solvent-casted Nylon-bonding magnet and two IMMGSM
samples with one and two times 200 °C thermal treatment to
compare the magnetic properties with the product. The 10 wt.%
Nylon solution was blended with the glassy powders and casted
in the mold to obtain a non-reheated resin-bonded magnet. Note
that this type of resin-bonded magnet has poor mechanical
properties and is of none or less utility in practice, in this work,
it only serves as the reference for the magnetic properties
comparison. One identical IMMGSM sample was heated in the
oven to 200 °C and cooled down in room temperature, another
sample was treated in this way twice. Figure 4(b) presents the
VSM results of these samples (excluding the raw glass) and it

Table 1 Mechanical properties of IMMGSM comparing to the NdFeB-IMM (10% Nylon 6, 6)

Materials Tensile strength, MPa Breaking force, N Elongation at break, % Impact strength, KJ/m?
NdFeB-IMM 233424 922195 49+0.2 22.0+0.6
IMMGSM 212+1.7 848 + 68 46+02 272+£0.7
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can be observed that the magnetization behaviors are consistent
as expected.

The results are summarized in Table 2. Although all the

resin-bonded samples are of lower magnetism than the raw
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Fig. 4 (a) The soft magnetic properties of IMMGSM characterized
by VSM test. The embedded figure is the hysteresis B-H curves for
the enlarged area of H € [—25, 25] (A/m); (b) The magnetic proper-
ties of various polymer-bonded magnet samples listed in Table 2

metallic glass as expected, the thermal process clearly does not
affect the soft magnetism, the samples with once or twice
reheating present comparable results with the original sample.
The solvent-casted magnet exhibits even lower magnetization
than the injection products, this can be understood that the
solvent-casted sample has a lower density and powders packing
in the matrix without the screwing process during the injection,
while, on the other hand, the processing temperature plays non-
observable effect on the magnetism. In either way, the injection
processing can be reassured as a practical method to bond the
metallic glass without impairing the featured magnetic proper-
ties.

3.5 Effect of Resin Content

A series of IMMGSM samples with Nylon contents of 5, 10,
15, and 20% have been tested to investigate the effect of
bonding resin content on the mechanical properties, as
summarized in Table 3. Similarly, five samples of each recipe
are characterized to obtain the average and errors. The 5%
samples exhibit significantly low mechanical strength, because
the resin content is too small to effectively bond the metallic
powders. Although the higher density of metallic glass provides
higher magnetization, that enhancement is not as efficient as the
metal content increase, therefore, it is safe to conclude a less
practical utility of the low Nylon content recipe. For the 15 and
20% samples, with the higher Nylon percentage, the mechan-
ical properties are enhanced dramatically as expected, while the
sacrifice on the magnetic properties is also impressive. In this
way, either choice could be practical depending on the
particular requirements in the industrial or commercial appli-
cations. Furthermore, the magnetizations of these two samples
exhibit comparable values regardless of the density; one
probable explanation of this phenomenon is that, the distance
between the glassy powders that is diluted by the increase of
resin content plays more significant effect than the powders’
packing density at this stage, therefore an impressive decrease
on the magnetization occurs with the resin percentage enhanced
from 10 to 15%, while the 15 and 20% samples exhibit less
different magnetic behaviors.

The tensile test results of five samples are shown in Fig. 5. It
is clear that the tensile strength are larger with higher nylon
content percentage, and the 10% NdFeB-IMM and IMMGSM

Table 2 Comparison of magnetic properties of raw metallic glass, solvent-casted bonding magnet, and various IMMGSM

Materials

Saturation magnetization, T

Coercive force, A/m

Raw metallic glass

Solvent-casted bonding metallic glass powders
IMMGSM

st Thermal-treated IMMGSM

2nd Thermal-treated IMMGSM

1.140+0.015 1.5
0.590+0.011 1.6
0.670+0.014 1.9
0.710+0.014 1.8
0.690 £ 0.009 1.8

Table 3 Mechanical and magnetic properties of IMMGSM with various Nylon wt.%

Tensile strength, MPa  Elongation at break, %

Impact strength, KJ/m’

Saturation magnetization, T  Coercive force, A/m

5% 122+1.8 25+£04
10% 212+1.7 4.6+0.2
15% 282+1.1 6.1£0.3
20% 312+£29 89+04

21.24+0.5 0.75 1.7
2724+0.7 0.67 1.9
31.7+0.7 0.45 1.6
33.5+04 0.42 1.5

Journal of Materials Engineering and Performance

Volume 24(10) October 2015—3895



35
30 . -_' X
254 ./

] X
20 ik

154 L.

X Crack

o(MPa)
™,
N

10 .

AL

Fig. 5 The tensile stress-strain curves of various polymer-bonded
magnet samples listed in Table 1 and 3

behave more similarly rather than other samples, which implies
the comparable properties and structures of the two types of
materials. Due to the short content of resin, all the samples
exhibit a linear tensile behavior followed by a short yielding
range. The larger the nylon content is, the longer the yielding
range is. And for the 20% sample, a very typical resin yielding
and necking behavior can be observed before the crack. This
confirms the conclusion that the IMMGSM maintains the
properties of polymer system, and the injection method is
practical for the polymer bondage on the metallic glassy
powder.

4. Conclusion

Concerning the limits on the product size and shape in
nowadays BMG manufacturing, application of the conventional
IMM method, which has been extensively adopted to produce
the polymer-bonded magnets, onto the magnetic metallic glass
may significantly extend the potential usage and application of
this type of materials. Following this idea, we prepared the
Nylon 6,6-bonded Fe;Co034B,¢Si4Nby metallic glass powder as
a soft magnetic material. Preliminary investigations have been
done on the preparation, morphological feature, mechanical,
and magnetic properties. With the decent properties held by the
IMMGSMs, the IMM can be confirmed as a practical method to
be applied onto the metallic glass, for potential utility in both
scientific and industrial fields.
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