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Abstract

NdygAlygFe,;Cos bulk metallic glass (BMG) was prepared in the shape of
rods 3 mm in diameter by suction casting. In contrast to the previously
reported hard magnetic Nd—Al-Fe—-Co BMGs, the NdgAlygFe,;Cos as-cast
rod exhibits a distinct glass transition, multi-step crystallizations in DSC
traces and much lower coercivity. The glass forming ability as well as the
kinetics of the glass transition and crystallizations of the Nd4g AlyoFey7Cos
as-cast rod have been studied. The magnetic properties of the alloy were
investigated in comparison with NdgyAl oFe,gCojg glass forming alloys.

1. Introductions

In recent years, rare-earth—transition-metal (RE-TM) metallic
glasses with promising magnetic properties and excel-
lent glass forming ability have attracted increasing interest
because of their great significance in materials science and
their considerable technological promise [1-5]. The mag-
netic amorphous alloys studied include Nd(Pr)-Fe(Co)-Al
[3-10], Nd-Fe-Co-Al-B [11], Nd(Pr)-Al-Ni—Cu—Fe(Co)
[2], Y-Fe—-Al [12], and so on. Among these, Nd—Fe(Co)-Al
bulk metallic glasses (BMGs) have shown attractive glass-
forming ability (GFA), high coercivity and absence of glass
transition in DSC traces [3—10]. Inoue et al [4] supposed that
the high coercivity of the alloys is due to the pre-existence of
ferromagnetic clusters, the glass transition temperature being
higher than the crystallization temperature, and the reduced
glass transition temperature was estimated to be higher than
0.9. Recent experimental results have shown that the BMGs
are partially crystalline [13] and the absence of glass tran-
sition in DSC traces might be due to the chemical inhomo-
geneity of the amorphous phase [14]. More recently, further
results obtained in NdgyAljgFeyCoo glass-forming alloys
have revealed that the typical microstructure of nano-scale par-
ticles scattering in the amorphous matrix is closely related to
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the primary crystallization (observed in the DSC traces of the
ribbons) of the alloy [13, 15] and the reduced glass transition
temperature representing the GFA might not match the value
reported previously [14, 15]. Up to now, the glass transition
of the bulk samples could only be obtained in the DSC traces
of the paramagnetic NdgyCo3pAl;¢p amorphous rods [5] and
the partially crystalline NdgyAljoCoz9— Fe, (x < 10) rods
[16], and it is generally regarded that both the hard magnetic
properties and the absence of glass transition were related
to the existence of partially crystalline Nd—Fe-rich clusters
[4,13,14].

In this work, we report the formation of Ndsg AlygFe,7Cos
BMG with distinct glass transition and much softer magnetic
properties. The glass forming ability and the kinetic characters
of the BMG were studied. The magnetic properties of the
BMG were investigated in comparison with Ndgg Al oFezpCojg
as-cast rods.

2. Experiments

Ingots with nominal compositions of NdsgAlygFey7Cos and
NdgoAljgFey0Coig were prepared by arc-melting of 99.9%
(at.%) pure Nd, Fe, Al and Co in a titanium-gettered
Ar atmosphere. Nd4gA12()F€27C05 and Ndﬁ()Al]()FCz()CO]()
cylinders 3 mm in diameter were prepared by suction casting
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under an argon atmosphere. The as-cast rod samples
investigated in this work were taken from the central region
of the cylinders and the element distribution of the sample
was detected to be homogeneous within the detection limit
of a HITACHI S-570 energy dispersive spectrometer (EDS).
The structure of the samples was characterized by XRD in
a Philips diffractometer using Cu K, radiation. A vibrating
sample magnetometer (VSM) was used for the magnetic
measurements of the as-cast rods. The field applied was
1432kAm~'. DSC measurements were carried out under a
purified argon atmosphere in a Perkin Elmer DSC-7 at heating
rates ranging from 10 to 80 Kmin~!. The calorimeter was
calibrated for temperature and energy at various heating rates
with high purity indium and zinc. An empty Al pan was first
scanned to establish a baseline, and then the same Al pan
with the sample was scanned again under identical thermal
conditions.

3. Results and discussions

Figure 1 shows the XRD patterns of NdsgAlyoFe;;Cos and
NdgoAljgFeynCojg as-cast rods. The typical broad diffraction
maxima in XRD patterns show the fully amorphous characters
of NdygAlygFe>7Cos and Ndgg Al gFeo0Cojg as-cast rods within
the XRD detection limit. No obvious crystalline peaks were
found.

The continuous DSC traces obtained from
NdsgAlygFey7Cos and NdggAljgFey0Copg as-cast rods at a
heating rate of 20 Kmin~' are shown in figure 2. There is
no glass transition in the DSC trace of the NdgyAl;oFex0Cojo
as-cast rod and the crystallization behaviour is complicated
[17]. In contrast, NdsgAl,oFe,7Cos as-cast rods exhibit the
endothermic characteristics of a glass transition followed by
three exothermic crystallization peaks and a sharp endother-
mic melting peak. The primary crystallization can also be
found in the DSC traces of amorphous Nds;AljgFe;gCosBg
[11], Nd60Fe30A110 (3011’1571) [18], and Nd6()A110F€20C010
[13] as-spun ribbons but it is invisible in the DSC traces of
their bulk counterparts. The onset temperatures of the glass
transition (7), melting (Ty,,) and crystallizations (T, T, and
T,3) obtained from the DSC trace of NdsgAlyoFe,;Cos as-cast
rods are observed to be about 495, 798, 537, 697 and 742 K.
The liquidus temperature of the alloy is about 834 K. Thus, the
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Figure 1. XRD patterns of NdssAlyFe,7Cos and NdgAljgFeyCoyg
as-cast rods.

supercooled liquid region (AT = T, — T;) and the reduced
glass transition temperature (T, = T,/7;) of the alloy are
about 42 K and 0.594 K, respectively. The alloy exhibits a rel-
atively large GFA. Lu and Liu have recently studied the GFA for
various glass forming systems from devitrification and amor-
phization perspectives, and have found that the GFA for non-
crystalline materials was related mainly to 1/(T, + Tj) and T,.
They, therefore, defined a new parameter y = T,/(T; + 1))
for predicting the GFA of alloys [19,20]. The parameter has
been confirmed to be valid in various glass forming systems.
Concerning the GFA of the NdsgAlygFe,;Cos alloy, the value
of y for the alloy can be calculated to be 0.404. Hence,
the critical cooling rate R. can also be obtained from the
linear relationship between y values and log,, R. expressed
as R, = C;exp(—117.19y), where C) is a constant, which
for metallic glass is 5.1 x 10?! Ks~! [19]. R, of the alloy
is estimated to be 10.9Ks~!. The critical section thickness
(Z. = 2.80 x 1077 exp(41.70y)) [19] can also be predicted
to be 5.8 mm. They are roughly in accordance with our recent
experimental results and, thus, the parameter y is reliable for
the prediction of the GFA of NdsgAlyoFe,;Cos BMG.

To investigate the glass transition and crystalliza-
tion behaviour in more detail, DSC measurements of
NdygAlygFey;Cos as-cast rods were carried out at heating rates
(¢) of 10, 20, 40 and 80K min~! (as shown in figures 3(a)
and (b)). The glass transition temperature and crystallization
temperatures shift to higher values with increasing heating
rates indicating a marked kinetic character. The kinetics of
the glass transition and crystallizations can be analysed using
the Kissinger equation: In(72/¢) = In(E/ (kg Ko))+E / (kg T),
where kg is the Boltzman constant, E is the effective activa-
tion energy and K| is the frequency factor in the Arrhenius
Law [21]. Figure 3(c) shows the Kissinger plots and their lin-
ear fittings for the onset temperature of the glass transition and
the peak temperatures of crystallizations. The effective activa-
tion energies for glass transition (E,), primary crystallization
(Ex1), second crystallization (E;) and third crystallization
(E3) were determined by fitting the Kissinger equation to the
experimental data plots. Their values are 2.9¢eV, 1.8eV, 1.7eV
and 1.9 eV, respectively.

The hysteresis loops of the NdsgAlygFe,;Cos and
NdgoAljgFe 0Coyg as-cast rods are shown in figure 4. The
magnetization (M) at 1432kA m~' of the NdsgAlyoFe,7Cos

Heating rate: 20 K/min
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Figure 2. DSC traces of Nd4gA120F€27C05 and Nd60A110F620C010
as-cast rods at a heating rate of 20 K min~!.
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Figure 3. DSC traces of the Ndsg Al Fe,;Cos as-cast rod at a
heating rate of 10, 20, 40 and 80 Kmin~! from (a) 400 to 600 K and
(b) 600 to 850 K. (c¢) shows the Kissinger plots and their linear
fitting of glass transition and crystallizations.
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Figure 4. Hysteresis loops of Nd4gAlyoFe,;Cos and
NdgoAljgFeynCoyg as-cast rods.

as-cast sample is 17.8 Am?>kg~! (higher than the magnetiza-
tion of the NdgpAl;oFex0Cojg as-cast rod) while the coercivity
(H.) is 50kAm~'. The higher value of magnetization of
the NdsgAlyFe,7Cos as-cast sample could be due to the
increase in the content of Fe. It should be noticed that
the coercivity of the NdsgAlygFey;Cos bulk sample is much
lower than that of the NdgyAljgFey0Cojp as-cast rod (about
330kAm™") and almost equals that of the NdgyAl oFez0Coig
as-spun ribbons obtained at a higher cooling rate (about
30-70kAm~") [13]. Previous studies have revealed that the
coercivity of the bulk NdgyAl;gFez0Coip and NdgoAljoFes
samples is closely related to the in situ formation of partially
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crystalline hard magnetic nano-particles in the amorphous
matrix, while the fully amorphous ribbons exhibit nearly soft
magnetic properties [6, 13, 15]. Therefore, the nearly soft mag-
netic NdsgAlygFey;Cos as-cast sample could be amorphous
and contains few clusters. On the other hand, concerning the
glass forming ability of the alloys, the reduced glass transi-
tion temperature of Ndsg AlygFe,7Cos is much higher than that
of NdgoAljgFe 0Cojg alloys (<0.52) [15]. It is known that
the nucleation rate in glass forming alloys is controlled by the
cooling rate and the intrinsic GFA (normally represented by
T;;) of the alloys [22]. At the same cooling rate, the higher T;,
is, the lower is the nucleation rate. The nucleation rate of the
hard magnetic phases and the amount of these particles in the
NdygAlyFey;Cos as-cast rod with higher T, could be much
lower than those in the NdgyAl;gFe>0Coy as-cast rod. Thus,
the coercivity dominated by the volume fraction of hard mag-
netic particles [23—-25] could be lower in the Ndsg AlygFe,7Cos
as-cast rod than in the NdgyAljgFeyoCoyg as-cast rod.

4. Conclusions

In conclusion, the glass forming ability, kinetic characters
and magnetic properties of NdsgAlyFe,;Cos BMG were
investigated in comparison with that of the NdgyAl;oFez0Coig
glass forming alloy. In contrast to NdggAljgFe;0Coyo bulk
as-cast samples, the NdsgAlyoFe,7Cos as-cast rod exhibits
a distinct glass transition in DSC traces and much softer
magnetic properties. The obtained values of 7.,(=0.594)
and the parameter y (=0.404) of the Nd4gAlyoFe,7Cos as-cast
rod indicate the excellent glass forming ability of the alloy.
The critical cooling rate and section thickness of the BMG
were estimated to be 10.9Ks™! and 5.8 mm. The kinetics of
glass transition and crystallizations of the NdsgAlyoFe,7Cos
alloy were analysed by the Kissenger method and the effective
activation energies (E,, Ey|, Ey» and E,3) were obtained to
be 2.9, 1.8, 1.7 and 1.9 eV. The magnetization and coercivity
of the NdygAlygFey)7Cos as-cast rod were measured to be
17.8 Am’kg~! and 50kAm~!. The relationship between
hard magnetic properties and the glass forming ability was
discussed, and low coercivity in NdsgAloFe,;Cos BMG is
supposed to be related to the high GFA of the alloy.
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