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We report the formation of microstructure- and property-controllable
NdgpAl;oNi;(Cu,g Fe,. (0 = x < 20) alloys by varying the content of Fe element. The
microstructure of the Nd-based alloy can be changed progressively from a full glassy
state into a composite state with nanocrystalline particles in the glassy matrix and,
finally, into a nanostructured state, accompanied by variation in magnetic property
gradually from paramagnetic to hard magnetic. The role of Fe addition in the control
of microstructure and magnetic property is clarified. We expect that the results would

have implication in the development of the microstructure- and property-controllable

functional materials for various applications.

. INTRODUCTION

Microstructure- and property-controllable alloys are
expected to be used in a variety of technological con-
texts. However, the microstructural control in the metal-
lic alloys is a longstanding problem due to the high nu-
cleation and growth rates and instability of their super-
cooled liquid state. Bulk metallic glass (BMG)-forming
alloys with a very stable supercooled liquid state and
high thermal stability against crystallization'* offer a
large experimentally accessible time and temperature
window for developing some methods, such as controlled
solidification,®* high annealing,”° and pressure,’ to con-
trol their microstructure and properties through control-
ling of the nucleation and growth in supercooled liquid
state. The rare-earth (RE)-metal-based alloys have at-
tracted intensive attention due to their high glass-forming
ability (GFA), and anomalous magnetic properties.®'?
For Nd-based alloys, it was reported that the bulk glass
rod with 12 mm diameter can be obtained by suction
casting into a copper mold.” However, the Nd-based
BMGs actually are regarded as a type of clustered amor-
phous material. Direct evidences are that the BMGs have
no obvious glass transition in their differential scanning
calorimeter (DSC) traces as other BMGs have done and
exhibit hard magnetic, while ribbons with the same com-
position are magnetically soft.”"!

In our previous work, we found that element addition
is an effective way to influence the GFA, properties, and
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microstructure of the BMG-forming alloys.'*~'® Fe con-
tent is found to have a significant effect on the magnetic
properties and GFA of the Nd-based alloys.*'® There-
fore, it is possible to control the microstructure and mag-
netic properties of the Nd-based alloys by Fe addition. In
this paper, we report the formation of full bulk glassy
Ndg,Al,(Ni,,Cu,, alloy. Based on the BMG, the micro-
structure and property are manipulated in the alloy by
controlling additional Fe content. By varying Fe content,
the microstructure of the Nd-based alloy changes pro-
gressively from full glassy state to composite state with
nanocrystalline particles in the glassy matrix, and finally
changes into a nanostructured state, accompanying
the magnetic property changes gradually from paramag-
netic to hard magnetic. The role of Fe content in the
controlling of microstructure and magnetic properties is
clarified.

Il. EXPERIMENTS AND METHODS

NdgpAl,(Ni;Cu,q Fe, (0 < x < 20) ingots were pre-
pared by melting pure (99.9%) Nd, Al, Ni, Cu, and Fe
elements in an arc-melting furnace under argon atmos-
phere. Cylinders of 3 to 5 mm diameters and 80 mm
length were produced by suction or cast of the melt into
a copper mold. The sample rods were cut into slices, and
the cut surfaces were used for x-ray diffraction (XRD)
experiments. XRD data of the alloys containing different
Fe contents were analyzed by using a MAC M03 XHF
(MAC Inc., Japan) diffractometer with Cu K, radiation.
DSC measurements were carried out in a Perkin Elmer
DSC-7 (Perkin Elmer Inc., USA) with a temperature
scanning rate of 20 K/min™'. High-resolution transmission
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electron microscopy (HRTEM) observation was per-
formed in a JEOL-2010 (JEOL Inc., Japan) operating at
200 kV. Magnetic properties were carried out on a Physi-
cal Properties Measurement System (PPMS, Quantum
Design Co., USA).

lll. RESULTS AND DISCUSSION

The XRD patterns of the NdgyAl,,Ni,;,Cu,,_,Fe, al-
loys with different Fe contents (0 =< x < 20 at.%) pre-
pared by the Cu mold-casting method are shown in
Fig. 1. For comparison, all sample rods are 3 mm in
diameter. For the alloy without Fe addition, the XRD
pattern shows a broad maximum peak followed by a
lesser-intensity broad peak, and no appreciable diffrac-
tion peaks corresponding to crystalline phase can be
seen. This indicates the as-cast rod consists only of an
amorphous phase. The Ndg,Al,;(Ni,Cu,, alloy can be
cast into full amorphous up to 5 mm in diameter. Unlike
other Nd-based alloys, its XRD pattern is similar to that
of Zr-based BMGs.'™ The Ndy,Al,(Ni,,Cu,,_Fe, al-
loys with Fe content less than 10 at.% also exhibit typical
broad amorphous peaks within the resolution limit of the
XRD. However, the intensity of the two diffused peaks
increases, suggesting that its microstructure varies with
Fe content changing. For the alloy with 15% Fe, some
broad and weak crystalline peaks superimpose in the
XRD curve, indicating the mixture microstructure of the
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FIG. 1. XRD patterns for the as-cast NdgyAl,,Ni;,Cu,,_Fe, (x = 0,
2,4, 6,8, 10, 15, 18, 20) alloys. The marks in the figure indicate the

ferromagnetic Nd (@), Nd,Fe,,; (O), and other unknown intermetal-
lics (OJ0).

nanocrystalline and amorphous phases. When Fe content
is larger than 15%, the broader crystalline peaks appear,
indicating the alloys consist mainly of nanocrystalline
phases. The precipitation crystalline phases are identified
as ferromagnetic Nd, Nd,Fe,,, and other unknown inter-
metallics (as marked in Fig. 1),° which are responsible
for the high coercivity observed in the alloys.'® The XRD
result indicates that the Nd-based alloys show a pro-
nounced degradation trend of GFA, and their microstruc-
ture changes progressively from full glassy state to com-
posite state with nanocrystalline phase in glassy matrix,
and finally changes into a nanostructured state with in-
creasing Fe content. We have prepared alloys using vari-
ous methods, such as die casting, suction casting, and
melt spinning. Each method has a different cooling rate.
The alloys with the same Fe content demonstrate similar
glass formability regardless of the cooling rate. This im-
plies that the microstructural change tendency is not sen-
sitive to the cooling rate.

The crystallizations of the Ndg,Al,(Ni;,Cu,,_,Fe,
(0 = x = 20) alloys measured by DSC with a constant
heating rate of 20 K/min are shown in Fig. 2. The DSC
results also exhibit the microstructural change upon Fe
content. The glass transition temperature, T, the onset
temperatures of the first crystallization, T,, and the su-
percooled liquid region, AT = T,, — T, for these alloys
are listed in Table I. Unlike other RE-based BMGs,?!!
the remarkable features of the DSC trace of the
Ndg,Al,(Ni;,Cu,, alloy are an obvious broad endother-
mic peak before crystallization, demonstrating a distinct
glass transition with onset at 7, = 438 K and a large
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FIG. 2. DSC curves show the crystallization process of
NdgoAl (Ni;(Cu,o_Fe, (x = 0, 2, 4, 10, 15, 20) alloys at a heating
rate of 20 K/min.
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TABLE I. The crystallization temperatures (7, T,,), glass transition
temperature (7,), supercooled liquid region (AT), melting temperature
(T,,), liquidus temperature (7}) and reduced glass transition tempera-
ture (T,,) for NdgoAl oNi;oCu,g_Fe, (0 < x < 20) alloys.

Fe T, T, T, AT T, T,
at.% (K) (K) (K) (XK) T, (K) (K)
0 438 478 572 40 0.60 728 755
2 442 482 573 40 0.60 723 765
4 436 472 578 34 0.60 713 755
10 421 455 598 34 0.58 726 776
15 640 760 780

AT = 40 K. Two sharp exothermic crystallization events
occur with onset at 7,;, = 478 K and T, = 572 K. The
features of the distinct glass transition, sharp crystalliza-
tion events of the DSC trace for the alloy, are similar
to those of other typical BMGs' and further confirm the
full glassy state of the NdAINiCu BMG. It is worth not-
ing that the T, of the BMG is very low among the known
BMGs."** The excellent glass-forming ability and low
T, may give the BMG significant potential in applica-
tions such as phase change erasable optical storage.>* For
the alloys x = 2 and 4, their DSC traces also show
obvious glass transition and crystallization. However, the
crystallization enthalpy decreases with increased Fe ad-
dition, indicating a decrease in the amorphous fraction in
the alloy. For the alloy x = 10, no obvious glass transi-
tion and only a tiny exothermic peak are found, while a
very broad exothermal peak corresponding to the growth
of the nanocrystalline clusters® can be seen in the DSC
trace. For Fe-rich (x = 15, 20) samples, no glass tran-
sition and sharp crystallization peaks are found in their
DSC traces, while the broad peak becomes more pro-
nounced, indicating only the growth of nanocrystalline
phase occurs upon heating for the alloys. The broad exo-
thermal peaks in the DSC curve is a common feature of
RE-Fe—Al alloys (RE = Nd, Pr, Y, Sm), which is at-
tributed to the growth of the nanocrystalline phase.®™"'"
The DSC results confirm that the alloys with higher Fe
content are nanocrystalline alloy.

The HRTEM pictures for the representative
NdgpAloNi, (Cu,,_,Fe, alloys (x = 0, 4, and 20) are
shown in Fig. 3. For the Fe-free alloy, the HRTEM pic-
ture and the inset diffraction halo in Fig. 3(a) exhibit no
obvious crystalline clusters, confirming the full glassy
structure of the alloy. However, when Fe content in-
creases up to 4%, nanoclusters with average size of 5 nm
can be clearly seen arbitrarily and uniformly distributed
in the glassy matrix, demonstrating the composite state
with nanocrystalline particles of the alloy [Fig. 3(b)].
However, both the size and the volume fraction of the
nanoparticles are too small to be detected by XRD. For
the alloy with x = 20, the picture and the diffraction

rings in Fig. 3(c) show that the alloy consisting mainly of
heterogeneous and disoriented nano-ordered regions with
an average size of approximately 8 nm is nanocrystalline
alloy. The composite microstructure of the alloy is simi-
lar to that of the known Ndg,Al,,Fe,,Co,, alloy.?®
HRTEM results confirm further that Fe addition induces
microstructural change from glass state to nanocrystal-
line state.

Figure 4 shows the melting process of the
Ndg,Al,(Ni,,Cu,,_.Fe . alloys upon Fe content. The val-
ues of melting temperature, T,,, liquidus temperature, 7},
and reduced glass transition temperature (T, = T/T,,)
for the alloys are also listed in Table I. As shown in
Fig. 4 and Table I, both the melting process and the value
of T,, are sensitive to Fe content. For the Fe-free alloy,
the melting point is near eutectic temperature, indicating
the alloy is of the composition near the eutectic compo-
sition. The best glass-forming composition for an alloy is
usually near deep eutectic composition, where the melt
can be cooled to the underlying T, with the smaller tem-
perature interval.?” Thus, the T., is a critical parameter
for determining the GFA of an alloy. For the Fe-free
alloy, T,, is approximately 0.6, which classifies it as a
highly glass-forming alloy.*” With increasing Fe content,
on one hand, one can see that the melting point of the
alloy is gradually deviate from eutectic point, and the
GFA is degraded. On the other hand, according to the
“confusion principle,”*® the alloys with five components
have much higher viscosity in the supercooled liquid
compared with conventional metallic melts. The growth
of the crystalline phases in the viscous melt is very dif-
ficult,' causing the nanocrystalline particles to precipi-
tate. The formation of fine nanocrystalline observed in
Fe-rich alloys could also be related to phase separation in
the undercooled liquid, which is a common phenomenon
in the bulk glass-forming alloys." The origin of phase
separation in the Nd-Fe—Al system may be attributed to
the heat of mixing the two main components of Nd and
Fe,*® which is positive (+1 kJ/mol).*® The mutually re-
pulsive interaction between Nd and Fe leads to clustering
in amorphous alloys prepared by continuous cooling
from liquid state; the clustering or phase separation al-
ready present in the liquid state is frozen in alloys.>!

The room temperature M-H hysteresis loops measured
at a maximum applied field of 2000 kAm™' for the
NdgpAl,(Ni,,Cu,,_,Fe, alloys are shown in Fig. 5. The
change of the coercivity of the alloys as a function of Fe
content is shown in the inset in Fig. 5. The alloy without
Fe addition shows paramagnetic at room temperature.
With Fe addition, the coercivity increases from 0 to
276 kA/m for the alloy with x = 20, indicating a hard
magnetic property of the alloy. The value is close to that
of the Ndg,Al,oFe,,Co,, hard magnetic BMG.*'" The
values of saturation magnetization M and remanence M,
also increase with increasing Fe content as shown in
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FIG. 3. High-resolution TEM image of the as-cast
NdgpAloNi;,Cu,o_Fe, (x = 0, 4, 20) alloys: (a) alloy with x = 0,
(b) alloy with x = 4, and (c) alloy with x = 20.
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FIG. 4. DSC curves show the melting process of
NdgAloNi;(Cu,y_Fe, (x = 0, 2, 4, 10, 15, 20) alloys at a heating
rate of 20 K/min.
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FIG. 5. Hysteresis M-H loops of the as-cast Ndg(Al,(Ni,,Cu,,_.Fe,
(x = 0, 4, 10, 15, 20) alloys. The inset shows the variation of coer-
civity as a function of Fe content.
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Fig. 5. The results indicate that the property of the Nd-
based alloys changes progressively from paramagnetic to
hard magnetic with the increase of Fe content.

The understanding of the correlation between the
measured magnetic properties and the possible magnetic
phases are very important, and a number of works on this
topic have been published.>'° To clarify the correla-
tion, however, more work is necessary. Our Fe addition
results may be useful for understanding the origin of the
observed hard magnetic behavior in Re-based alloys. The
hard magnetic properties of the Nd-based alloys can be
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correlated to the pre-existence nanocrystalline phase,'’
which is so small it cannot be detected by XRD. The
clusters with approximate composition of Fe;Nd
(A, phase), Nd, and Nd,Fe,, are possibly responsible for
the coercivity observed in the nanoclustered Nd-based
alloys.?*>' 2 The magnetic exchange coupling interac-
tion among the magnetic clusters with large random an-
isotropy causes the high coercivity of the homogeneous
magnetic system.''*° For the Fe-free alloy and the alloy
with poor Fe content, the size of the clusters are small
and the magnetic ordering temperature is lower than
room temperature. Under these conditions the magnetic
moment of each particle is not fixed but fluctuates rap-
idly and results in paramagnetic behavior at room tem-
perature. With more Fe addition, the moment of the large
particles arranges more orderly, the magnetization stiff-
ness increases, and the magnetic ordering temperature is
increased with the formation of larger nanoparticles. This
is an important underlying cause for the increase in co-
ercivity with further Fe addition.

IV. CONCLUSION

The Ndg,Al;oNi;;Cu,, BMG with a very low glass
transition temperature and stable supercooled liquid state
is obtained. By varying Fe content, the microstructure of
the NdgAl;oNi,,Cu,, alloy changes progressively from
full glassy state to composite state with nanocrystalline
particles in the glassy matrix, and finally changes into
nanostructured state, accompanying the structural evolu-
tion from glass to nanostructured state, and the magnetic
property changes gradually from paramagnetic to hard
magnetic. The role of Fe content in the controlling of the
microstructure, magnetic properties, and GFA of the al-
loys is attributed to the formation of nanocrystalline Nd,
Fe-Nd compounds, which result from the Fe addition
induced phase separation and GFA degradation in the
alloys.
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