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Cast-iron (CI) based bulk amorphous alloy with compositions of Fe;s 5_,C¢ 0Si3.3B5.5Pg7Cu; oAl
(x = 0, 1 at.%) was synthesized by Cu mold casting. As indicated by increased critical diameters
(dmax) for the amorphization, the substitution of Al enhanced the glass-forming ability of the
alloy. However, the onset temperature of crystallization (7,) and the range of supercooled liquid
region (AT,) of the alloy decreased upon Al addition from 500 °C and 28 °C to 475 °C and

25 °C, respectively. It was revealed that the decreased thermal stability of the amorphous phase
is related to the enhanced crystallization tendency to form primary o-Fe phase. Upon the
nanocrystallization of primary a-Fe phase the Al-added alloy shows enlarged M, of 176 emu g~ ',
still keeping a reasonable small H, value of 0.086 Oe. The present study revealed that the minor
Al addition enhances not only the glass-forming ability, but also the nanocrystallization behavior

of the CI based bulk amorphous alloy.

. INTRODUCTION

Soft magnetic nanocrystalline alloys prepared with
Fe-based amorphous precursor are well known to have
high saturation magnetization (M), low saturation mag-
netostriction (A), and high initial permeability (u;)."?
The excellent soft magnetic properties of the alloys are
attributed to the special microstructure consisted of fine
ferromagnetic phases with typical size of ~25 nm and
residual amorphous matrix.>~ Randomly dispersed nano-
scaled ferromagnetic phases can reduce the effective
magnetocrystalline anisotropy of the amorphous alloy,
consequently resulting ultrasoft magnetic characteristics.’
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Recently, developments of soft magnetic nanocrystal-
line alloys with amorphous precursor having high M,
and low material cost have attracted great attention owing
to increasing industrial demand for functional soft mag-
netic materials. In the past few years, lots of Fe-based
amorphous alloys and bulk metallic glasses (BMGs) have
been widely studied to synthesize Fe-nanocrystalline
alloys.””'* Optimizing the composition and micro-
structure, the alloys having high M, and excellent
magnetic softness have been newly developed in various
Fe-metalloid—Cu alloy systems: Fegs.25i1B9P4Cuo,8,“
(FeO,5C00,5)73_5Si13_5B9Nb3Cu1,12 Fe83Plasi3CUb13 and
(Feo.sP0 09Co.09Bo 2)99.3CUg 7.'* However, for extensive
industrial application of the materials, good combination
of low material cost, high productivity, and excellent
functional properties is required. In previous studies, Yi
and Jung'? reported successful development of Fe-based
BMGs with cheap raw materials of commercial cast-iron
(CI) and industrial ferro-alloys. Because the alloys
have high glass-forming ability (GFA) as well as good
mechanical, electrical, and soft magnetic properties,

© Materials Research Society 2015
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they have been considered to have high industrial
potential. Recently, it was further revealed that the soft
magnetic properties of the CI based BMGs with an alloy
composition of Feqs(Cg.0Si33B5.5Pg7Cugs (at.%) can
be further enhanced by optimum nanocrystallization of
a-Fe phase.16 Thus, the investigation on the synthesis of
the nanocrystalline alloy based on these CI based BMG
is drawing further attention.

Crystallization products as well as crystallization
kinetics of the soft magnetic Fe-based nanocrystalline
alloys are strongly related to composition.” Thus, there have
been many studies about the effect of a minor element
addition/substitution on the crystallization behavior and soft
magnetic properties.’>* Among them, there are reports
showing that small Al addition can be also beneficial
to enhance the soft magnetic properties of Fe-based
nanocrystalline alloys.>'** As for example, in the
case of FINEMET-type alloy, it was reported that
the 1.0 at.% Al addition enhances the p; at 1 kHz.
Lim et al.*' insisted that the minor Al addition reduces
the grain size of a-FeSi phase and decreases the intrinsic
magnetocrystalline anisotropy K;. On the other hand,
Chen et al.* reported that minor addition of Al or Si
enhances the p of Fe-Zr—B alloys by changing their A
from a negative value to near zero. In addition, because
the metalloids such as B, C, Si, Al, and Ga have negative
heat when mixing with Fe, the addition of these elements
enhances the GFA of the amorphous alloys.”> On the
other hand, Al or Ga does not form their own compounds
in amorphous matrix, but is only properly soluble in o-Fe
or other metalloid-compounds.”® Thus, the minor Al
addition in Fe-based amorphous alloys can be expected
to be beneficial for GFA as well as to promote the soft
magnetic nanocrystallization.

Because there has been no investigation on the minor
Al addition on the nanocrystallization behavior of the
Cl-based BMGs, the present study aims to investigate the
effect of the 1 at.% Al addition on GFA, soft magnetic
properties, and nanocrystallization behavior of the
Fe75,5C6,OSi3.3B5.5P8,7Cu1,0 (at%) CI based BMG.

Il. MATERIAL AND METHODS

Master alloys with nominal compositions of
Fe75.5_XC6V08i3'3B5'5P8.7CU1V()Alx ()C =01 at%) were
prepared under a Ti-gettered argon atmosphere by arc
melting of CI; industrial Fe—P alloy; and pure elements of
Fe (99.7% purity), Si (99.99% purity), B (99.5% purity),
Al (99% purity), and Cu (99.98%, purity). The compo-
sition of industrial raw materials (CI and Fe-P) is listed
in Table I. Ribbons with about 35 pum thickness and
2 mm wide were prepared by single roll melt spinning.
Cylindrical specimens having a length of 55 mm and
a diameter of 1, 2, and 3 mm were prepared by suction
casting. The structure of the as-prepared and annealed

specimens was characterized using x-ray diffraction
(XRD, Panalytical X’pert Pro, Almelo, Netherlands)
with Co radiation (A = 0.179 nm). Thermal analysis
was performed by differential scanning calorimetry
(DSC, PYRIS Diamond, Perkin Elmer Instruments,
Norwalk, CT) and differential thermal analysis (DTA,
S-1600, Sinco, Seoul, South Korea). The as-cast
specimens were annealed in DSC to achieve partial
crystallization of amorphous phase. Magnetic proper-
ties were determined using an alternating gradient
magnetometer under maximum applied magnetic field
of 2 kQe.

lll. RESULTS AND DISCUSSION

The  structural analysis of the  as-cast
Fer5.5C6.05133B5.5Pg 7Cuy o and Fey, sCe 0Si3.3B5 5P 7Cuy 0Aly o
(at.%) rods with a diameter of 1, 2, and 3 mm was
performed by XRD patterns presented in Fig. 1. In the
case of Al-free alloy, the suction cast rod having a
diameter of 1 mm shows a broad halo pattern charac-
teristic for an amorphous phase, while the rod with
2 mm diameter exhibits sharp diffraction peaks of Fe;C,
Fe,P, a-Fe, and Fe,3C¢ phases. On the other hand, the
alloy containing 1 at.% Al shows the formation of an
amorphous rod with a diameter of 2 mm. Thus, the
critical diameter (d,,.x) of the Al-free alloy and Al-added
alloy for amorphization is 1 and 2 mm, respectively.

Figure 2 shows DTA melting curves of
the as-cast FC75_5C6_OSi3.3B5.5P3.7CU1.0 and

TABLE I. Chemical composition of CI and ferro-phosphorus alloy.

(wWt%)

Fe C Si P S Ni Ti Cu

CI 95.060 4.280 0.460 0.200 0.034 0.094 0.029
Fe-P 73.161 0.015 0.009 26.83 0.012 0.350 0.004

Intensity, / [a.u.]

30 40 50 60 70 80 90
Scan angle, 2Q [degree]
FIG. 1. XRD patterns of the as-cast Fe;s 5Cg (Siz 3Bs.sPg7Cu; g and

Fe74.5C6.0515.3B5.5Pg 7Cuy oA o (at.%) rods with different diameters
(1, 2, and 3 mm).
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Fe;4.5C6.0513.3B5.5Pg 7Cuy oAl o amorphous rods with
1 mm diameter. It is observed that the substitution of Al
for 1 at.% Fe has insignificant influence on the melting
behavior. Both alloys have highly overlapped endother-
mic peaks, indicating that the composition of the alloys is
located near eutectic point. On the other hand, the Al
addition slightly decreases the liquidus temperature (77)
of the alloy from 1016 to 1008 °C. The instrumental error
of temperature in these measurements is typically =0.5 to
1.0 °C. It is well known that the amorphous alloy having
the composition near eutectic composition and low T;
tend to have high GFA.?” With a consideration of
increased d,,,x of the alloy, one can conclude that the
1 at.% Al addition enhances GFA of the Fe—C-Si-B-P—Cu
BMG by stabilizing the undercooled liquid.”®

Figure 3 shows DSC heating curves of
the as-cast Fe75,5C6,OSi3_3B5_5P8_7Cu1,0 and
Fe74‘5C6.0Si3'3B5‘5P3.7Cll1'OAI].O (at.%) rods having a
diameter of 1 mm. For comparison, the DSC curves of
the as-spun ribbon are also shown in Fig. 3. The as-spun

(b) Al-added alloy

(a) Al-free alloy

Heat flow (Endothermic), [a.u.]

800 900 1000 1100
Temperature, T [°C]

FIG. 2. Melting curves of the as-cast Fe;s sCg 0Si3 3B5.5Pg7Cu; o and
Fe;4.5C6.0513.3B5.5Pg 7Cu oAl ¢ rods having a diameter of 1 mm.

Heat flow (Endothermic), [a.u.]

Heating rate : 40°C/min
l 1

200 300 400 500 600
Temperature, T [°C]

FIG. 3. Continuous DSC heating curves of (a) as-cast
FC75_5C6_()Si3_3B5_5P3_7Cu1_0 rod (q) =1 mm), (b) as-spun
Fe;5.5C6.0513.3B5.5P5 7Cu; o ribbon, (c) as-cast
Fe74.5C6.0513 3B5 5P 7Cuy oAl o od (@ = 1 mm), and (d) as-spun
Fe74.5C6.0513.3B5.5Pg 7Cu; oAl o ribbon.

ribbon and rod of both alloys have no appreciable
difference in DSC curve, which might be attributed
to similar crystallization behavior of the specimens.
During continuous heating of amorphous rod with a
heating rate of 40 °C/min, both alloys show clear Curie
temperature (T¢) of about 360 = 0.5 °C and distinct
glass transition followed by a wide supercooled liquid
region. These results indicate that the alloys formed
amorphous phase having high thermal stability and
strong ferromagnetic characteristics. On the other hand,
it is observed that the 1 at.% Al addition decreases glass
transition temperature (7,) and onset crystallization
temperature (7,) of the alloy from 472 = 1.0 °C and
500 = 0.5 °C to 450 = 1.0 °C and 476 = 0.5 °C,
respectively. It is notable that T, and 7 of the Al-added
alloy are dramatically reduced by 1 at.% Al addition,
suggesting that Al addition decreases the barrier to
crystallization from the as-cast state.

To investigate the crystallization product(s) of each
crystallization stage of the alloys shown in Fig. 3,
the specimens were heated up to the peak temperature
of crystallization curve (T, = 2 °C). Figure 4
shows XRD patterns of the partially crystallized

a-Fe ... a-Fe ..,
i L]
o Fe,C
_ & o Fep
3 8] 2res
H ol &
S L
—
£ Al
.a k.f LAY 1‘3 o [w]
& [ L o §il®
2 LU A AS.)
- o el i Lo e el Neckip™
- annealed at 525°C(T,, - 2°C)
1 1 1 1

40 50 60 70 80 90 100

(a) Scan angle, 2Q [degree]
u-Fe i u-Fe a1t
i i
. o FeC
o oFeP
-
=- 40 o a-Fe
o ol A FeB
— ]
— a0
- ™, UG A o
a‘ ™ i @ o Nt =] L]
D [ ettt s e »
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Q v p
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i el S VR
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1 L L '

40 50 60 70 80 90 100
(b) Scan angle, 2Q [degree]
FIG. 4. XRD patterns of the (a) Fe;s55C¢0Siz3BssPg7Cuig and

(b) Feq4.5C6.0Si33BssPg7Cuy gAl; o rods annealed at primary or
secondary crystallization stage.
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Fe755Ce.0513 3B5 5Ps 7Cuy o and Fezy sCe 0513 3B5 5Ps 7Cuy oAl o
(at.%) rods having a diameter of 1 mm. The Al-free alloy
having single crystallization stage shows the XRD pattern
consisted of a mixture of Fe;C, a-Fe, Fe,P, and FeB
phases. This indicates that the Al-free alloy has almost
simultaneous crystallization of various stable and meta-
stable phases. On the other hand, it is observed that the
primary crystallization peak of the Al-containing alloy is
related to the formation of o-Fe phase. After that the
Al-added alloy also forms various Fe—metalloid com-
pounds, i.e., Fe;C, Fe,P, and FeB phases in its secondary
crystallization step. Therefore, it is clear that the 1 at.%
Al addition changes the crystallization behavior of the
alloy from eutectic-type crystallization to primary-type
crystallization. Also, it is revealed that the decreased
thermal stability of supercooled liquid of Al-added alloy
is directly related to the enhanced crystallization tendency
of primary o-Fe phase.

To minimize demagnetizing effect and magnetic
anisotropy caused by geometrical characteristics of the
specimens,29 the influence of the 1 at.% Al addition on
soft magnetic properties of the amorphous alloys was
examined upon hysteresis M-H loops of the as-spun
ribbon (Fig. 5). Both alloys exhibit narrow M-H hyster-
esis loop, indicating good magnetic softness of the
alloys. The 1 at.% Al addition leads to minor reduction
of M from 144 = 3 emu g ' to 142 + 3 emu g ', and
enlargement of H. from 0.11 to 0.13 Oe. As a function
of annealing temperature (73), the variation in M and H,
of the alloys was further investigated with short-term
isothermal annealing for 60 s with a heating rate of
40 °C/min (Fig. 6). It is notable that both alloys
annealed up to T, of 450 °C have decreased H. with
almost constant M. However, the Al-added alloy starts
to show an increase of M with T, of 470 °C. The alloy
has a decrease of M, with T, of 540 °C. On the other
hand, the Al-free alloy shows an enhancement of M
only with T, of 490 and 500 °C. After that the Al-free

(a)
(b)

- -

a2 o

(=] [=] (=]
T T T

&
=
;

Magnetization, M [emu/g]
S )

i Ms{emug)  He(Oe)
Cul.0 144 011
150 + Cu1.0411.0 142 0.13

-4.I0k -2.|0k 0.0 2.6k 4.bk
Applied field, H [Oe]

FIG. 5. M-H hysteresis loop of as-spun (a) Feys sCe 0Si33B5.5Pg7Cuy o
and (b) Fez45Cs.0Si3.3B5 5Pg 7Cuy gAl; o ribbon.

alloy has a significant decrease of M and increase of H,
with annealing at 7, of 520 °C. Figure 7 shows XRD
patterns of the ribbons annealed at the temperature of
460, 480, 500, and 520 °C. It is revealed that the
enhancement of M, of the alloys is attributed to the
formation of o-Fe as a primary phase. The Al-free alloy
annealed at 520 °C has sequential formation of various
Fe-metalloid compounds of Fe;C, Fe,P, and FeB
phases, which causes the deterioration of magnetic
softness of the alloy. Figure 8 compares the hysteresis
M-H loops of the Al-free and Al-added alloys annealed
at 520 °C. While the Al-added alloy has narrow
hysteresis M-H loop with low H. of 86 mOe and high
M; of 176 emu g~ ', it is notable that the Al-free alloy
annealed at 520 °C shows significant deterioration of
magnetic softness, showing high H. of 18 Oe and
decreased M, of 138 emu g '. Considering that the
Al-added alloy also shows deterioration of magnetic
softness at annealing temperature of 540 °C, we can
conclude that the temperature range for nanocrystalliza-
tion of o-Fe phase of Al-free alloy is from 500 °C to
below 510 °C, and that of Al containing alloy is from
470 to 530 °C. Referring to Fig. 3, the valid temperature
range for nanocrystallization of the Al-free alloys is

22000 F (@) —=— Al-added alloy
= Al-free alloy
[=]
E 18000 -
:tb
g 300 | as-spun =
S ribbon
b )
3 200 »
4 /
100 - °© \ 4 J—
200 ) $—. * ! l'! Pr 1 1 1
=
E] L (b
2 (b)
& 180 | 0 u
0 3 i
= - —H »
c -
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] T [
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] ribbon
= ~
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FIG. 6. Variation of (a) saturation magnetization (M) and
(b) coercive force (H.) of Fe;s55Ce0Siz3Bs5Pg7Cuiy and
Fe74.5C6.0513.3B5.5Pg 7Cu; oAl o ribbon as a function of annealing
temperature.
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located only in the narrow temperature range of super-
cooled liquid region, while the Al-added alloy can have
it from the temperature around 7, to the offset temper-
ature of primary crystallization peak. Thus, it is clear
that the minor Al addition significantly influences the
thermal stability of the precursor and residual amor-
phous matrix of the alloys. While the minor alloying of
1 at.% Al has insignificant influence on the general soft
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—_ 09
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. UL o °
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FIG. 7. XRD patterns of the (a) Fe75_5C6_OSi3_3B5_5Pg_7Cu1,0 and

(b) Feq4.5C6.0Si3.3Bs.sPg7Cuy gAl; o ribbon as a function of annealing
temperature.
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FIG. 8. M-H hysteresis loop of (a) Fe;s5CgSiz3Bs.sPg7Cuy and
(b) Fe74,5C6AOSi3A3BSA5P8_7Cu1‘OAII‘O ribbon annealed for 60 s at 520 °C.

magnetic properties of the alloy in the as-spun state, it
changes the thermal stability of the amorphous structure,
and thus the soft magnetic properties of nanocrystallized
specimen were strongly influenced by Al addition.

The above results demonstrate that the Al-added alloy
has wider temperature range for the formation of nano-
scaled o-Fe phase. The minor Al addition enhances the
crystallization tendency of o-Fe phase in amorphous
phase, but rather suppresses further crystallization of
the residual amorphous phase. That is, the Al-addition
promotes the primary crystallization of a-Fe phase, and
stabilizes the residual amorphous matrix.

It is well known that the thermal stability of super-
cooled liquid is primarily related to the initial crystal-
lization rate of the primary phase. According to Ohnuma
et al.,*>° the kinetics of Cu-clustering in amorphous
phase is strongly related to the Cu contents. Due to the
same Cu contents of the present Al-free and Al-added
alloys, one can expect that the Al addition does not
significantly influence the kinetics of Cu-clustering in
amorphous phase. Thus, it is reasonable that the initial
crystallization rate of a-Fe phase can be affected by the
heterogeneous nucleation rate. In Fig. 4, we investigated
the crystallization behavior of the Al-free alloy and
Al-added alloy. Table II lists the interplanar spacing
dnky of (110) and (211) planes of the a-Fe phase formed
in Al-free and Al-containing alloys. Considering details
of a-Fe phase of the alloys, one can note that the lattice
parameter of o-Fe phase (a,.p.) of Al-added alloy
is continuously changing as crystallization proceeds.
The d(y10y of a-Fe phase during primary crystalliza-
tion stage and secondary crystallization stage is
2.036 * 0.001 A and 2.031 *= 0.001 A, respectively.
Thus, the a-Fe phase initially formed during primary
crystallization of the Al-added alloy has larger a,_r.
than o-Fe phase in the later crystallization stage of
the alloy. Ohkubo et al.'® investigated heterogeneous
nucleation of a-Fe phase on Cu clusters. They revealed
that the special orientational matching between (110)
plane of a-Fe phase and (111) plane of Cu clusters
having fcc structure reduces interface energy, resulting
enlarged nucleation rate of primary o-Fe phase. In the
case of present Al-added alloy, it can be known that the
(110) plane of a-Fe phase of the alloy containing Al has
better matching with (111) plane of free-Cu clusters
(di111) = 2.087 A).*! Thus, it is expectable that the high

TABLE II. Interplanar spacing of the (110) and (211) planes of a-Fe
phase formed in Al-free and Al-containing alloys.

Annealing temperature (°C) d(110) A) diry A)
Al-free alloy To =2 2.031 1.200
Ty =2 2.036 1.201
Al-added alloy Ty =2 2031 1.200

822 J. Mater. Res., Vol. 30, No. 6, Mar 28, 2015
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solubility of Al during the initial crystallization of o-Fe
phase promoted heterogeneous nucleation rate, and thus
the thermal stability of amorphous phase was decreased
due to the enhanced crystallization tendency to form
o-Fe phase.

Alternatively, regarding the enhanced thermal stability
of residual amorphous phase of the Al-added alloy after
primary crystallization, it was shown that the Al atoms
are diffused out to the residual amorphous matrix. In the
case of Al-added Nanoperm—alloy,24 it was also revealed
that the Al atoms are preferably placed at the boundary of
primary phase. As shown in Fig. 4, Al in the present alloy
does not form any compounds during secondary crystal-
lization of residual amorphous phase. Thus, in the present
alloy, the existence of Al around o-Fe grains may delay
the atomic rearrangement and thus the crystallization of
residual amorphous phase can be suppressed.

In the previous study,’” the present authors investigated
the optimum Cu contents for the nanocrystallization of
o-Fe phase in Fe—-C—Si-B-P-Cu BMGs. Analyzing the
crystallization behavior of the Fe;q 5, Cg 0Si3.3B5.5Pg 7Cu,
(x =0, 0.5, and 1.0 at.%) alloy, we concluded that
the Cu 1.0 at.% addition is not an optimum Cu content
for the nanocrystallization of single a-Fe phase in
Fe—-C-Si-B-P-Cu BMGs, because it provides excess
heterogeneous nucleation site not only to primary
a-Fe phase, but also to the other Fe—metalloid compounds.
However, in the present study, it has been revealed that the
alloy with Cu 1.0 at.% can modify the initial crystallization
behavior through the minor 1.0 at.% Al addition. As the Al
addition promotes the crystallization of primary o-Fe
phase but stabilizes the residual amorphous matrix, the
alloy could have further enhanced nanocrystallization
behavior of the o-Fe phase. Moreover, it was also seen
that the Al addition improves the GFA of the alloy. Thus,
one can conclude that the Al addition is beneficial to make
the alloy good amorphous precursor of soft magnetic
nanocrystalline BMGs.

IV. CONCLUSIONS

We have studied the GFA, soft magnetic properties, and
nanocrystallization behavior of the Fe;5 5Cg 0Si3 3B55Pg7Cu o
and Fe74V5C6V()Si3'3B5.5P8.7CU1'OAll'0 (at%) alloys.
Substitution for Fe by 1 at.% Al enhanced GFA as
well as changed crystallization behavior of the alloy.
It was found that the minor Al addition can improve
the GFA of the alloy with increase of d,,x for glass
formation. The reduced T, and AT, of the Al-added
alloy demonstrates the decreased thermal stability of
the amorphous phase with enhanced crystallization
tendency to form o-Fe phase. While the Al-free alloy
has almost simultaneous formation of various phases,
but the minor Al addition leads to primary crystalliza-
tion of o-Fe phase with temperature of about 80 °C.

In spite of minor effect of Al addition on the M, H., and
Tc of the amorphous alloy, the 1 at.% Al addition
enhanced magnetic softness as well as M of the alloy
with formation of nanosized o-Fe phase. Because the
present Fe—C-Si—-B—P-Cu—Al BMG has high GFA
and good soft magnetic properties with high M, of
176 emu g, the alloy can be one of the good can-
didates as an amorphous precursor of soft magnetic
nanocrystalline BMGs having high industrial potential.
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