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Structural and magnetic properties of Nd 60Fe30ÀxCoxAl10
melt-spun ribbons
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The effects of Co addition on the structure and magnetic properties of melt-spun Nd60Fe302xCoxAl10

(x50, 2, 5, 10, 20, and 30! ribbons have been investigated. Except an amorphous matrix,
nanocrystalline Nd was found in the Fe-containing alloys. Its relative amount decreases with
increasing Co addition, and a fully amorphous structure was observed forx530, indicating that
glass-forming ability increases with Co addition. The room-temperature coercivity and
magnetization are found to decrease sharply with increasing Co content. Thermomagnetic
measurements show two magnetic transitions occurring at about 50 K and 480 K, respectively.
Combining the isothermal differential scanning calorimetry measurement, it demonstrated that the
amorphous phase in the Fe-contained alloys further separates into Nd-rich regions and Fe-rich
regions. The relative amount of each phase is estimated by the magnetization of each phase.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1541638#
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Rare-earth~RE!-based Nd–Fe–Al bulk amorphous a
loys have attracted much attention mainly due to their abn
mal high glass-forming ability~GFA! and room-temperature
hard magnetic properties that exist only in bulk samples~see
Ref. 1 and references therein!. Bulk amorphous samples wit
diameter up to 15 mm have been obtained by suc
casting.2 However, neither a distinct glass transition nor
supercooled liquid region is observed in constant-rate h
ing differential scanning calorimetry~DSC! traces. This is
quite different to other bulk amorphous alloys.1,3 As is well
known, glass formation will be easier in alloys with larg
negativeDHm ~heat of mixing! values, which lead to low
interdiffusion constants. It seems that Nd60Co30Al10 (DHm

5222 kJ/mol) should have a large GFA than Nd60Fe30Al10

(DHm511 kJ/mol),4 and this presumption is consist wit
critical cooling rateRc ~12 K s21 for Nd60Fe30Al10 alloy and
4 K s21 for Nd60Co30Al10 alloy!, but inconsistent with the
maximum thickness values~5 mm for the Nd60Co30Al10 al-
loys, which is three times smaller than the former!. Further
studies suggested that the microstructure of such Nd–Fe
alloys could not, in fact, be described as a fully amorpho
structure, instead a cluster structure revealed by h
resolution transmission electron microscopy~TEM!,5,6 or a
phase-separated structure based on Mo¨ssbauer spectra
measurements7 and isothermal calorimetry curves and ma
netic measurements.8 In our previous studies8–10 on the mi-
crostructure and thermodynamic and magnetic propertie
Nd60Fe30Al10 alloys prepared with a different cooling rate,
possibleA1-like amorphous phase was suggested, which
phase separated with a characteristic length of 1 nm, sim
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to that found in the Nd–Fe binary alloys.11 The origin of
A1-like phase formation may be the positive heat of mixi
between Nd and Fe and the metastablity of NdFe2 phase,
which will further transform intoA1 phase.11

In this article, Nd60Fe302xCoxAl10 melt-spun ribbons
with various Co addition (x50, 2, 5, 10, 20, and 30! alloys
were prepared. Co addition is found to improve the GFA
an Nd60Fe30Al10 alloy. Amorphous phase separation into F
and Nd-rich regions is confirmed in Fe-containing alloy
The relative fractions of each phase are estimated. The ro
temperature coercivity and magnetization are found to
crease sharply with increasing Co content.

Master alloys with compositions of Nd60Fe302xCoxAl10

(x50, 2, 5, 10, 20, and 30! were prepared by arc meltin
from elemental Nd, Fe, Co, and Al with a purity of 99.9%
a titanium-gettered argon atmosphere. Thin ribbons w
prepared in a single-roller Buehler melt spinner at a surf
wheel speed of 20 ms21 under argon atmosphere. The stru
ture of the melt-spun ribbons was characterized by x-ray
fraction ~XRD! in a Philips PW 1050 diffractometer usin
Co Ka radiation and TEM. Thermal analysis was perform
using a Perkin–Elmer DSC-7 differential scanning calori
eter under an argon atmosphere. Magnetic measurem
were performed with a vibrating sample magnetometer
temperatures from 4.2–300 K and a Faraday balance f
300–800 K.

Figure 1 shows XRD patterns on the free surface
Nd60Fe302xCoxAl10 (x50, 2, 5, 10, 20, and 30! melt-spun
ribbons. The only presence of Nd~004! peaks also indicates
that the hexagonal Nd phase has a strong texture withc-axis
predominantly perpendicular to the ribbon plane. Forx50,
2, and 5, from the Scherrer formula12 and neglecting possible
strain contributions, the particle size is estimated as abou
il:
0 © 2003 American Institute of Physics
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nm, which is also consistent with the TEM observation. T
~004! peak intensity decreases with Co addition, being un
servable for larger Co content (x510, 20, and 30!, which
means a decreasing amount of Nd nanocrystals with incr
ing Co amount. Due to its slightly smaller radius compar
to iron, the broad peak shifts slightly to a high degree w
Co addition.

Figure 2 presents isochronal DSC curves
Nd60Fe302xCoxAl10 (x50, 2, 5, 10, 20, and 30!. Similar to
previous results,1,14 no glass transitions before crystallizatio
are observed in the Fe-containing alloys. The Co alloyx
530) undergoes three steps of crystallization. An obvio
glass transition with a supercooled liquid regionDTx(5Tx

2Tg) about 33 K can be found in the DSC curve. For t
Fe-containing alloy, a broad peak appears before the mas
transformation. Forx520, an obvious crystallization pea
appears before the broad peaks. The peak temperatureTp of
broad peaks and the onset massive crystalline tempera
Tx are listed in Table I. From the XRD analysis and TE
observation, the broad peaks observed in the DSC curve
the Fe-containing alloys are due to the continuous growth
Nd nanocrystallines and another weak crystallization for
Fe alloy.1,8,13,14 Similar to previous results on NdYFeA
melt-spun ribbons,8 with the help of isothermal DSC mea
surements at various temperaturesT,Tx , in the range of the

FIG. 1. XRD patterns on the free surface of Nd60Fe302xCoxAl10 (x50, 2, 5,
10, 20, and 30! melt-spun ribbons.
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broad peaks, another transformation is revealed at about
K for samplesx50 – 10. All of the isothermal DSC curve
show a peak with annealing time at a temperature aro
633 K, which is characteristic for a crystallization of a
amorphous phase. Such a weak crystallization process ag
with the results from temperature modulated DSC by
et al.14 Because an Nd60Co30Al10 alloy lacks such a phas
separation as that which occurred in the Fe-containing a
during the heating process, itsTx is much smaller than tha
of Fe-containing alloy. Such a precipitation or comple
phase separation into the parent metals makes it difficult
Fe-containing alloy to form an RFe2 compound, which is the
final crystalline product atTx , resulting in a largerTx .

Figure 3 presents thermomagnetic plots forx50, 2, 5,
10, 20, and 30 in a magnetic field of 1 T. Before the me
surement, the samples were cooled to 4.2 K in a magn
field of 1 T. Forx,30, there are two ferromagnetic trans
tions at TC1'60 K and TC2'480 K, which is similar to
other results reported for Nd602xYxFe30Al10 ribbons.8 Be-
cause Nd crystals display antiferromagnetic ordering be
TN520 K,15 this confirms that in the amorphous matrix the
are two amorphous phases with different magnetic prop
ties. Curie temperatures are listed in Table I.TC1 and TC2

vary little with the composition. Forx530, only single fer-
romagnetic transitions were observed, indicating that ther
only one magnetic amorphous phase. Hysteresis curves
Fe-containing alloys present a two-magnetic-phase beha

FIG. 2. Continuous DSC curves of Nd60Fe302xCoxAl10 (x50, 2, 5, 10, 20,
and 30! melt-spun ribbons.
TABLE I. Broad peak temperaturesTp , crystallization temperatureTx , Curie temperatureTC1 andTC2 , total magnetizationMs ~1 T! of the ribbons and
contributions of Nd-rich phaseMTC1

and Fe-rich phaseMTC2
at an applied field of 1 T and at 5 K, room-temperature coercivitym0Hc , saturation

magnetizationMs(RT), remanence magnetizationMr(RT), and remanence ratioMr /Ms(RT) for Nd602Fe302xCoxAl10 (x50, 2, 5, 10, 20, and 30!. The unit
of magnetization is in emu/g.

Value
of
x

Tp

~K!
Tx

~K!
TC1

~K!
TC2

~K! Ms(1 T) MTC1
MTC2

m0Hc Mr(RT) Ms(RT) Mr /Ms

0 587 740 60 477 43.4 20 23.3 0.2 8.2 32.5 0.25
2 655 789 50 479 36 15 21 0.1 6.7 32.6 0.2
5 620 784 46 480 38.7 20.7 18 0.1 5.9 28.8 0.2
10 651 776 47 479 41 26 15 0.05 3.2 23.8 0.13
20 500 614 775 48 483 43 36 7 0.005 0 13.7 0
30 526 41 40 40 0
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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belowTC1 , which is a superposition of a soft magnetic pha
with large magnetization and a hard magnetic one. FromTC1

to 300 K, the hysteresis curves have a typical shape kn
for hard magnets.

After annealing above the massive transition tempera
Tx , the samples become paramagnetic, so this crystalliza
transformation is related to the transformation of the high-TC

phase, which is an Fe-rich amorphous phase. Precipitatio
the amorphous Nd-rich phase around the temperature
broad peak of DSC curves, causes no change in the ro
temperature magnetization and coercivity.

The values of magnetization of theTC2 phase could be
roughly thought to vary linearly in the low temperature ran
far from theTC2 ~for example, it varies nearly linearly from
100–300 K!. The magnetization contributed by theTC2

phase at 5 K (MTC2
) can be approximately derived fromM

againstT plots by extrapolatingT from a high temperature
~100–300 K! to 5 K. The magnetization contributed by th
TC1 phase (MTC1

) can be deduced by subtracting theMTC2

from total magnetization. Table I also lists the total magn
tizationMs of the ribbons and contributions of Nd-rich pha
MTC1

and Fe-rich phaseMTC2
at an applied field of 1 T at 5

K. Taking the magnetic moment of the Nd-rich amorpho
phase at 1 T to be that of the fully amorphous Nd60Co30Al10

alloy, the weight percent ofTC2 phase in the alloys can b
deduced from the magnetization measured divided byM1T

(x530). Figure 4 presents the weight percent of theTC2 and
TC1 phases. Forx50, the weight percent of the Nd- an
Fe-rich phases is nearly same. The relative amount of
Fe-rich phase decreases with Co addition, while the amo
of the Nd-rich phase increases with Co addition, reach
100% atx530.

The Co addition has a large effect on the roo
temperature magnetic properties of Nd60Fe30Al10 melt-spun

FIG. 3. Thermomagnetization curves of Nd60Fe302xCoxAl10 (x50, 2, 5, 10,
20, and 30! melt-spun ribbons.
Downloaded 14 May 2003 to 159.226.45.253. Redistribution subject to A
e

n

re
on

of
a

m-

-

s

is
nt
g

-

ribbon. The coercivitym0Hc , saturation magnetizationMs ,
remanence magnetizationMr , and remanence magnetizatio
ratio Mr /Ms are summarized in Table I. The addition of C
results in a large decrease inHc and remanence ratio. Th
coercivity decreases quickly from 0.2 T forx50 to 0.005 T
for x520. The saturation magnetizationMs(RT) is also
found to remain unchanged with small Co addition (x,5),
and then decrease quickly with increase of Co content.
overall nearly linear variation of room-temperatureMs(RT)
is in good agreement with the weight percent deduced he
~as shown in Fig. 4!. The remanence ratio also decreas
from 0.25 forx50 to 0 for x520.
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