
Acta Materialia 50 (2002) 4357–4367
www.actamat-journals.com

Anomalous thermal stability of Nd–Fe–Co–Al bulk metallic
glass
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Abstract

The thermal stability of Nd60Fe20Co10Al10 bulk metallic glass (BMG) has been studied by differential scanning
calorimetry (DSC), dynamic mechanical thermal analysis (DMTA), isochronal dilatation and compression tests. The
results show that the glass transition of the BMG takes place quite gradually between about 460 and 650 K at a heating
rate of 0.17 K/s. Several transformation processes are observed during continuous heating with the first crystallization
process beginning at about 460 K, while massive crystallization takes place near the solidus temperature of the alloy.
The positive heat of mixing between the two major constituents, Nd and Fe, and, consequently, a highly inhomogeneous
composition of the attained amorphous phase are responsible for the anomalous thermal stability in this system.
2002 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Intensive efforts have been carried out over the
past decade to develop alloy systems with critical
cooling rates below 100 K/s for glass formation,
i.e., with good glass-forming ability (GFA). The
estimation of the GFA in metallic alloy systems is
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of special importance as it can provide guidelines
for the production of metallic glasses, especially
in bulk form. Various empirical criteria have been
proposed to reflect the GFA of alloys in previous
studies [1–5]. Turnbull proposed that the reduced
glass transition temperatureTrg, defined as the
glass transition temperatureTg divided by the liqui-
dus temperatureTl, could be regarded as a measure
to evaluate the GFA of an alloy [1]. This corre-
lation has been confirmed in many experiments [6].
Inoue and Masumoto adopted the temperature dif-
ference�Tx betweenTg and the first crystallization
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event (Tx) upon heating at a constant rate as a mea-
sure for the stability of the supercooled liquid
above Tg [4]. It has been demonstrated that larger
values of �Tx tend to be correlated with lower
values of the critical cooling rate Rc necessary for
glass formation for some bulk metallic glass-for-
ming (BMG) systems, such as Ln–Al–TM, Mg–
Ln–TM, Zr–Al–TM, Ti–Zr–TM and Zr–Ti–TM–
Be (Ln: lanthanide metal, TM: transition metal)
systems [7,8].

More recently, Nd–TM–Al BMGs have been
prepared by slow cooling from the melt [9–19].
Depending on the thermal stability, such alloys can
be subdivided into two categories: one class of
alloys are iron-free or iron-poor systems, for
example Nd60Co30Al10, Nd60Ni10Cu10Co5Al15 and
Nd60Fe5Co10Cu10Al15 etc., showing a normal ther-
mal stability with Trg near 0.6 and �Tx around 40
K [9,11,12]. The other type of alloys is iron-rich
systems, for example, Nd60Fe30Al10,
Nd60Fe20Co10Al10, and Nd57Fe20Co5Al10B8 etc. The
latter systems do not exhibit a distinct glass tran-
sition prior to crystallization starting at Tx accord-
ing to constant-rate heating DSC measurements,
indicating a low thermal stability of the superco-
oled liquid [10–19]. However, an extremely high
value of the ratio between the Tx and Tl around 0.9
was observed for such systems, which indicates a
rather high stability of the amorphous phase
against crystallization [10,11,14,15,18,19]. The
contradiction between the absence of a distinct
glass transition and the extremely high value of
Tx/Tl shows that these systems are rather unique
within the different families of BMGs.

To clarify the thermal stability of the Fe-rich
Nd-based alloys is important for the following
reasons. First, one can verify the validity of the
existing empirical criteria for evaluating the GFA
of such alloys, otherwise a new and more widely
applicable criterion is needed. The second is that
it will be helpful to understand the good GFA for
this system, since rods with diameters up to 15 mm
have been produced by suction casting [10,11].
Furthermore, this system together with the similar
Pr–Fe–Al system are the only two systems exhibit-
ing hard magnetic properties in as-cast “amorphous
state” up to now [10–20]. A better understanding
of the thermal stability of these systems will also

contribute to a better evaluation of possible appli-
cations for these magnetic materials.

In this work, the thermal stability of
Nd60Fe20Co10Al10 BMG was studied systematically
by means of differential scanning calorimetry
(DSC), dynamic mechanical thermal analysis
(DMTA), dilatometric measurements, and com-
pression tests. Based on the results obtained by the
different techniques, the reasons for the anomalous
thermal stability of Fe-rich BMGs and the reason
for the difference between Fe-rich and Fe-poor sys-
tems will be discussed.

2. Experimental

Pre-alloyed Nd60Fe20Co10Al10 ingots were pre-
pared by arc-melting a mixture of Nd, Fe, Co, and
Al elements with a purity of at least 99.9% in
titanium-gettered argon atmosphere. Cylindrical
specimens of 3 mm in diameter and 70 mm in
length were prepared from the pre-alloyed ingots
by suction casting into a copper mold. Ribbons
were obtained by melt-spinning with a single cop-
per wheel under pure argon atmosphere. The struc-
ture of the cast cylinders and the melt-spun ribbons
was characterized by X-ray diffraction (XRD) in a
Philips PW 1050 diffractometer using Co Kα radi-
ation. Thermal analysis was performed with a Per-
kin-Elmer DSC 7 differential scanning calorimeter
under argon atmosphere. A constant heating rate
of 0.17 K/s was employed. The Curie temperature
(Tc) was measured by thermomagnetic analysis
(TMA) using a Faraday magnetometer at a heating
rate of 0.17 K/s. The dynamic mechanical proper-
ties were measured at a heating rate of 0.17 K/s
by using a dynamic mechanical thermal analyzer
(Rheometric Scientific DMTA IV) in three-point
bending mode. The samples for these measure-
ments were cut from the middle part of the cylin-
ders and had a size of 1.2 × 3.0 × 30 mm3. The
applied static load was 1 N and the frequency for
the dynamic load was 1 Hz. The thermal expansion
was measured on cylinder samples, 3 mm in diam-
eter, under a compressive load of 0.3 N. The
experiments were performed using a NETZSCH
DIL 402C dilatometer with a resolution of �L �
1.25 nm. A low heating rate of 0.017 K/s was used
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to ensure the temperature homogeneity in the sam-
ple during heating. The compression tests on cylin-
drical samples of 3 mm in diameter and 5.8 mm
in length were performed in an Instron-type testing
machine at various temperatures from room tem-
perature up to 723 K. The specimens were equilib-
rated for about 300 s at each test temperature
before testing. The cross-head was moved at a con-
stant speed with an initial strain rate of
5.0 × 10�3 s�1. The microstructure of the samples
after compression testing was studied by a Cam-
bridge scanning electron microscope (SEM)
equipped with a Link energy dispersive X-ray
(EDX) microanalysis system in back scattering
mode. A Digital Instruments NanoScope IIIa D-
3000 atomic force microscope (AFM) was used to
reveal the topographic features of the as-
quenched ribbons.

3. Results

3.1. DSC results

The as-cast cylinders exhibit an XRD pattern
typical for an amorphous phase without obvious
crystalline reflections. Fig. 1 compares the DSC
curve of the as-cast Nd60Fe20Co10Al10 BMG with

Fig. 1. DSC curves of the as-cast Nd60Fe20Co10Al10 BMG and
a ribbon melt-spun at 18 m/s. The inset shows the enlarged part
of the DSC scan revealing the exothermic peaks in the low
temperature region.

the scan of a thin ribbon produced at a wheel speed
of 18 m/s. No obvious endothermic heat flow event
due to a glass transition is observed in the DSC
traces. The pronounced exothermic peak with an
onset temperature (Tx) of around 750 K corre-
sponds to massive crystallization of the amorphous
phase. These phenomena agree well with pre-
viously published results on Nd-based amorphous
alloys [10–19]. A detailed study on the DSC traces
(see inset in Fig. 1) shows that there are already
exothermic processes in the lower temperature
range for both the BMG and the ribbon. The heat
flow signal deviates from the base line at tempera-
tures as low as about 460 K, and a more obvious
exothermic signal is observed above 580 K with a
peak temperature of about 690 K for the BMG
sample. For the ribbon, a low temperature exother-
mic peak with an onset temperature of 460 K
appears, followed by two other exothermic peaks
at 580 and 670 K, respectively. The magnitude of
these exothermic processes in the temperature
range from 460 to about 700 K are much weaker
than the exothermic events corresponding to the
massive crystallization at 770 K in both the BMG
and the ribbon. All the exothermic reactions are
irreversible processes, as each of them disappears
for annealed samples in a second heating run.

3.2. Dynamic mechanical analysis and
compression tests

The DSC results for Nd60Fe20Co10Al10 BMG are
more complicated than those of the other BMG
systems, for which a clear endothermic effect due
to a glass transition is followed by one or several
exothermic peaks caused by crystallization. In
order to clarify the thermal stability of the present
BMG, different types of tests were carried out.
DMTA results for the as-cast bulk sample and for
samples annealed at 603 and 708 K, respectively,
are shown in Fig. 2a. Starting from room tempera-
ture, the storage modulus (E�) of the as-cast sample
decreases slightly as expected for conventional
metals. The specimen softens markedly at about
498 K, and E� decreases rapidly from 48 MPa at
498 K to 31 MPa at 588 K. Subsequently, E� shows
a weak peak with an onset temperature of 588 K,
and then decreases continuously with further
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Fig. 2. DMTA results for as-cast and annealed
Nd60Fe20Co10Al10 BMG: dependence of storage modulus (E�)
vs. temperature (a), and loss modulus (E�) on temperature (b).

increasing temperature. The most obvious feature
for the loss modulus (E�) curve of the as-cast speci-
men (Fig. 2b) is the two connected sharp peaks of
E� ranging from 460 to 650 K, with peak tempera-
tures of 571 and 581 K, respectively. In the higher
temperature region, a weak and broad E’’ peak
occurs around 700 K, which corresponds to the
broad exothermic peak in the same temperature
range in the DSC curve (Fig. 1). During the DMTA
measurement, a sinusoidal stress is applied. E� is
the value of the energy which is stored and reco-
vered perfectly during one cycle of stress change,
while E’’ is the loss of energy which changes into
heat during one cycle, and corresponds to the
internal friction, thus representing the degree of
heat loss during one cycle. When E� � � E�, then
E� is approximately equal to the complex modulus
(E∗ � E� � iE�), i.e. Young’s modulus.

Internal friction is known to be sensitive to

structural changes, and has been used to study the
structural relaxation, the glass transition and the
crystallization behavior of amorphous alloys [21–
25]. The structural relaxation and crystallization
generally lead to an increase of the modulus. How-
ever, in the present case, the marked E� peak is
accompanied by the rapid decrease of E�. Hence,
it is suggested that the E� peak in the DMTA curve
is caused mainly by a glass transition process.
Strong evidence supports this opinion, since this
E� peak is also observed for the samples annealed
at the temperature higher than 600 K as shown in
Fig. 2b, confirming that the internal friction peak
is a reversible phenomenon (strictly speaking it is
a partial reversible phenomenon).

In order to further confirm the existence of a
glass transition process in the Nd60Fe20Co10Al10

BMG, additional compression tests were carried
out. The temperature dependence of the stress–
strain curves at an initial strain rate of 5.0×10�3

s�1 is shown in Fig. 3 (the nonlinear feature at the
very beginning of each curve is an instrumental
artifact in the early stage of the measurements).
The samples were equilibrated for about 300 s at
each test temperature before testing. The alloy is
extremely brittle at room temperature with a frac-
ture stress of about 510 MPa and no plastic defor-
mation. The deformation mode changes from
inhomogeneous deformation to homogeneous
deformation at around 523 K, and the samples
exhibit a marked plastic deformation at tempera-

Fig. 3. Stress–strain curves as a function of testing tempera-
ture at an initial strain rate of 5.0×10�3 s�1.
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tures above 573 K. This further supports the
assumption of the presence of a glass transition
process as already suggested from the DMTA
results. In addition, a stress overshoot followed by
a viscous flow approaching a steady state can be
seen in the curve measured at 573 K. For higher
temperatures, this stress overshoot phenomenon
disappears again. Such a stress overshoot phenom-
enon and a very similar temperature dependence of
the deformation behavior were also observed for
Zr-, Pd-, Mg-, and La-based metallic glasses at
temperatures near Tg [26–31].

3.3. Thermal expansion measurements

The thermal expansion is also sensitive to the
structural change of amorphous alloys. Extensive
studies of the thermal expansion of amorphous
alloys show that dilatation measurements, when
combined with other characterization measure-
ments, are helpful for understanding structural
relaxation and crystallization of metallic glasses
[32–35]. Fig. 4a shows the length change of the
Nd60Fe20Co10Al10 as-cast BMG sample, �L, during
repeated heating and cooling cycles of the same
sample at a heating and cooling rate of 0.017 K/s.
Only the heating processes are shown in the figure
to avoid confusion. In the first run (heating from
room temperature to 573 K), a decrease of the
slope (representing the thermal expansion coef-
ficient, a) around 410 K is observed during the
continuous heating of the sample. In the second
run (heating from room temperature to 673 K), a
decrease of the slope occurs at 410, 570 and 630
K, respectively. As the sample was heated up to
573 K in the first run, the repeated appearance of
the decrease of the slope around 410 K in the
second run indicates that there is a reversible
component for the decrease of the slope above 410
K in the first run. The decrease of the slope above
570 K corresponds to the exothermic reaction in
DSC curve at about the same temperature even
when considering the higher heating rate used for
the DSC scans (see inset in Fig. 1). In the third
run (heating from room temperature to 783 K), the
reversible decrease of the slope around 410 K
appears again, but the decrease at 570 and 630 K
does not take place. Instead, a gradual increase of

Fig. 4. (a) Temperature dependence of the length change of
Nd60Fe20Co10Al10 BMG during repeated heating and cooling
cycles (only the heating curves are shown) at a heating rate of
0.017 K/s and a compressive load of 0.3 N. The arrows point to
the temperatures where the slopes change. (b) Linear expansion
coefficient of the sample in the second and third runs. (c) Differ-
ence dilatation curves obtained from (a) in the following way:
“curve 1�curve 2” , “curve 2�curve 3” , and “curve 3�curve
4” .



4362 B.C. Wei et al. / Acta Materialia 50 (2002) 4357–4367

the expansion coefficient is observed in the tem-
perature range from 570 to 673 K. The temperature
dependences of linear expansion coefficients a of
the sample in the second and the third runs are
plotted in Fig. 4b. The increase in a above 570 K
in the third run is highlighted in the inset of Fig.
4b. At about 690 K, a decrease in a is revealed,
which again corresponds to the temperature range
of the exothermic peak in the DSC curve. A
marked increase in a is observed from 713 to 743
K, followed by a rapid contraction of the sample
at 770 K, corresponding to the sharp exothermic
DSC peak due to the massive crystallization (Fig.
1). After cooling, a fourth heating run (heating
from room temperature to 783 K) of the crys-
tallized sample was performed, showing a nearly
linear dependence of thermal expansion on tem-
perature until about 773 K, where the sample
expands strongly due to the melting of the crystal-
line phases.

As the Nd60Fe20Co10Al10 metallic glass is ferro-
magnetic at room temperature [14,17], one should
consider the effect of ferromagnetic transitions on
the length change of the sample. The TMA result
of the as-cast BMG is shown in Fig. 5, and the
result of a ribbon melt-spun at 18 m/s is also
presented for comparison. The Curie temperature
Tc of the as-cast BMG is determined to be 479 K,
and a rapid decrease of magnetization with heating

Fig. 5. Thermomagnetic analysis of the as-cast BMG and a
ribbon melt-spun at 18 m/s.

is found in the temperature range from 410 to 479
K, which coincides with the temperature range
where the reversible decrease of a takes place in
the second and the third run of the dilatometer
measurements. Previous results have proved that
annealing at temperatures below 723 K has little
effect on the room temperature magnetization of
the Nd–Fe–Al based BMGs [10,11,13,17]. This
means that the ferromagnetic transition of the
BMG is a reversible process, and gives rise to the
reversible decrease of a below Tc. The Curie tran-
sition of the BMG takes place in a temperature
range much lower than that of the E� peak in Fig.
2b. Hence, the internal friction peak of the BMG
is not caused by a ferromagnetic transition.

Fig. 4c illustrates the difference of a dilatation
run and the subsequent run, i.e. “ run1�run2” ,
“ run2�run3” , and “ run3�run4” . It can be seen
that the decrease in a in the first run is not a fully
reversible process, and a distinct irreversible
component is found in the curve of “ run1�run2” ,
beginning at about 460 K. This corresponds to the
slight deviation of the heat flow signal in the DSC
curve around 460 K for the BMG (inset in Fig. 1),
indicating that this is an exothermic process. In the
DSC curve for the ribbon with the same compo-
sition, it is noted that an exothermic peak starts
from about 460 K (inset in Fig. 1). This peak has
been proved to be an early step of crystallization,
as isothermal annealing at 453 K gives rise to a
“bell-shape” exothermal peak, indicating that both
nucleation and growth processes take place [36].
The BMG should possess a highly relaxed struc-
ture compared with the ribbon produced by melt-
spinning because of the lower cooling rate during
copper mold casting. Accordingly, quenched-in
nuclei, clusters or nanocrystals may be present in
the as-cast BMG [11], and the subtle exothermic
effect and the irreversible decrease of a are prob-
ably due to the growth of the quenched-in nuclei
or nanocrystals by consuming the amorphous
phase. A weak reversible endothermic signal typi-
cal for a glass transition closely followed by a
weak exothermic crystallization peak at around
450 K was also revealed by Li et al. for a
Nd60Fe30Al10 alloy using temperature modulated
DSC at a heating rate of 0.017 K/s [12]. As the
exothermic effect and the change in a in the
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present case are very weak, it is assumed that only
a small fraction of the amorphous phase crys-
tallizes in this temperature range. The irreversible
decrease in a at around 570 K in the second run
of Fig. 4a is thought to be caused by the second
stage of crystallization, as a small peak of E� and
a sharp peak of E�’ near this temperature are
observed in the DMTA results (Fig. 2). Moreover,
this temperature also corresponds to the onset tem-
perature of the broad exothermic peak in the DSC
curve (see inset in Fig. 1). The decrease in a at
about 700 K in the dilatation measurements (the
third run in Fig. 4a), corresponds to the broad exo-
thermic peak in the DSC curve and the broad E�
peak. These results suggest that the third stage of
crystallization takes place at around 700 K. The
massive crystallization of the BMG is revealed by
the sharp exothermic peak in the DSC curve at 770
K, and is confirmed by the dilatation measurement,
which shows a rapid contraction of the sample.
This significant crystallization process is not
observed in the DMTA result because of the limi-
tation of the measuring temperature range. Based
on the above results, five crystallization processes
at about 460, 570, 630, 700 and 770 K, respect-
ively, occur in the BMG. The slight difference
between run 2 and run 3 of the dilatation measure-
ments (“ run2�run3” in Fig. 4c) may be due to the
higher amount of crystalline phases in run 3, while
the irreversible component in “ run2�run3” in Fig.
4c is caused by the loss of ferromagnetic properties
for the crystallized alloy.

4. Discussion

4.1. The reason for the absence of Tg in DSC
measurements

By combining dilatation measurements with
DMTA, DSC and compression tests, one can
reveal that, in the present Nd60Fe20Co10Al10 BMG
a glass transition proceeds between about 460 and
650 K, and four weak crystallization processes take
place at about 460, 570, 630 and 700 K, respect-
ively, prior to the massive crystallization at 770 K.
The superposition of the endothermic reaction due
to glass transition and the exothermic reaction

caused by the first crystallization process may be
responsible for the absence of a clear Tg in the DSC
measurements. However, in the DSC curve of the
sample annealed at temperatures higher than Tg,
the expected Tg due to the absence of the irrevers-
ible crystallization is still not observed. In the third
run of the dilatation measurements (Fig. 4a and b),
where the sample has already been heated up to
673 K, a gradual increase in the thermal expansion
coefficient is observed above 570 K. This confirms
that the majority of the alloy is already in a super-
cooled liquid state. The supercooled liquid can
access additional configurational states of lower
density, resulting in an increase in a [32–35].
These dilatation results further confirm the exist-
ence of a significant glass transition in the present
BMG. However, no distinct inflection point in all
the dilatation curves is observed which would
clearly reveal the onset of the glass transition of
the BMG.

To clarify the reason for the weak thermal and
volume effect of glass transition in the present
BMG, one has to consider the features of the Nd–
Fe binary phase diagram [37]. Nd and Fe are the
two main constituents in the Nd60Fe20Co10Al10

BMG, and possess a positive heat of mixing with
each other. This is in contrast to other BMG for-
ming systems, which exhibit large negative heats
of mixing among the major constituents [11]. This
means that upon cooling, Nd and Fe atoms tend to
repulse each other, and few intermetallic com-
pounds form in the equilibrium phase diagram
[37]. The BMG alloy is close to the eutectic com-
position, and tends to form pure Nd on one hand
and the stable Nd2Fe17 phase on the other hand, if it
is very slowly cooled [37]. Therefore, when copper
mold cast, certain regions of the alloy tend to
become enriched in Fe, and other regions tend to
become Nd-rich. The overall composition of the
alloy differs significantly from the compositions of
the two eutectic phases. Hence a remarkable long-
distance diffusion is needed for the precipitation of
the equilibrium phases. Furthermore, the atoms in
BMG alloys are densely packed, and the atomic
diffusion coefficient is relatively low in these sys-
tems [11]. Consequently, the precipitation of the
equilibrium phases is kinetically restricted and dif-
ficult in the present BMG, and the alloy tends to
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solidify in a metastable state (e.g. amorphous state)
beyond a critical cooling rate, rather than in the
equilibrium state. This may be one of the reasons
for the good GFA of the Nd–Fe–Al alloys. Simi-
larly, Pr–Fe also exhibits a positive enthalpy of
mixing [37]. Nd–Fe and Pr–Fe are the only two
systems in the RE–Fe (RE=Ce to Lu) family,
which possess a positive heat of mixing, while
other systems exhibit a negative enthalpy of mix-
ing and a larger number of intermetallic com-
pounds [37]. Coincidentally, Nd–Fe–Al and Pr–
Fe–Al have the largest glass-forming ability of
RE–Fe–Al-based systems as far as it is known up
to now. In other systems a REFe2 Laves phase
forms as a stable phase. This, in turn, significantly
reduces the GFA [20,38,39].

Another consequence of the large compositional
difference between the alloy and the eutectic
phases is that the produced amorphous phase may
possess a wide variety of local compositions, as
the different parts of the sample undergo different
local cooling conditions during casting. This means
that the amorphous phase formed, in fact, com-
prises a series of amorphous states with different
compositions, i.e. some areas are enriched in Fe,
and other areas are enriched in Co or Al. Accord-
ingly, the amorphous phase in the present BMG is
probably a highly inhomogeneous system on a
micro- or nanometer scale. The glass transition
process in this system then occurs as revealed by
the above results, but it takes place in a rather grad-
ual manner because of the inhomogeneity of the
composition of the amorphous phase. The compo-
sitional inhomogeneity is confirmed by the TMA
results. The magnetization of the BMG decreases
gradually below Tc, indicating the chemical inhom-
ogeneity of the magnetic phase, while for the rib-
bon, where a larger difference of local cooling rate
should be present in the sample, the gradual
decrease of magnetization is more pronounced, as
shown in Fig. 5. Furthermore, it is obvious from
the DMTA results (Fig. 2b) that the E� peak caused
by the glass transition ends over a temperature
range of about 190 K. The same measurement car-
ried out for the well-known
Zr41Ti14Cu12.5Ni10Be22.5 alloy shows that the width
of the E� peak is about 90 K for this alloy [36].
The glass transition itself is a weak endothermic

process, and it takes place gradually from 460 to
650 K in the present alloy system. This may be the
major reason for the absence of a clear Tg in DSC
measurements. The other reason concerns the
Curie transition of the present ferromagnetic
material, which is also a weak endothermic pro-
cess, and also proceeds gradually from 410 to 479
K for the present alloy. The combination of these
two weak endothermic events leads to the undis-
tinguishable effect of both processes in the thermal
analysis measurements.

4.2. The viscous flow and stress overshoot in
Nd60Fe20Co10Al10 BMG

As shown in Fig. 3, a premature fracture is
observed for the sample tested at room tempera-
ture, while at 473 K a slight plastic deformation
occurs, which leads to the slight increase of the
fracture stress. At the latter temperature, the early
stage of the glass transition takes place, but is
accompanied by the early stage of crystallization.
Hence, at about 473 K the alloy is mainly com-
posed of rigid amorphous solid plus a small
amount of crystals, and, therefore, is still brittle.
When the testing temperature is increased to about
523 K, the glass transition process proceeds, and
the amount of the supercooled liquid increases. The
plastic deformation occurs preferentially in the
supercooled liquid region with lower viscosity, and
giving rise to a distinct plastic strain. Upon further
increasing the temperature, the stress overshoot is
observed in the stress–strain curve at 573 K. The
stress overshoot phenomenon has been studied in
detail previously for Zr65Al10Ni10Cu15, Zr55Al10-

Ni5Cu30, Zr52.5Al10Ti5Cu17.9Ni14.6, and Pd40Ni40P20

metallic glasses [28–31]. Though the reasons for
the presence of the stress overshoot in stress–strain
curves are still a matter of debate in the literature,
most authors tend to follow the reasoning that the
stress overshoot is a result of a rapid increase in
free volume during high strain rate deformation
[28–31]. The stress overshoot in these BMG sys-
tems takes place generally at relatively high strain
rates and at temperatures of around Tg. In contrast,
the stress overshoot appears at the temperature far
beyond Tg decided by the above analysis for the
present BMG. The reason for this difference could
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be that the glass transition takes place more gradu-
ally, and the early stage of the glass transition is
followed by the weak crystallization process as
stated above. Anyway, the appearance of the over-
shoot in the compressive stress–strain curve
indirectly supports the presence of glass transition
and supercooled liquid region in the present BMG.

On further increasing the test temperature the
viscosity of the supercooled liquid decreases
gradually, which causes the continuous decrease in
the flow stress of the sample as shown in Fig. 3.
A very localized viscous flow is observed in some
areas of the back-scattering SEM image of the
sample compressed at 673 K (not shown here).
This indicates that the deformation behavior of the
alloy is partially inhomogeneous at elevated tem-
peratures.

4.3. Thermal stability of the amorphous phase
and supercooled liquid phase in
Nd60Fe20Co10Al10 BMG

As stated above, the composition of the amorph-
ous phase in Nd60Fe20Co10Al10 BMG is inhomo-
geneous. Hence, the crystallization of the amorph-
ous phase may also take place gradually. Certain
parts of the amorphous phase with a local chemical
and topological structure close to the crystalline
counterparts, should crystallize prior to other parts,
which are more different to the crystalline phases.
Thus, different regions of the alloy crystallize in a
sequence depending on the local structure, causing
the appearance of the observed multi-stage crys-
tallization, as revealed by the DSC and dilatation
results. It is worth noting that the crystallization of
the BMG spreads over a wide temperature range,
and that massive crystallization only takes place
near the solidus temperature Ts. In the temperature
range between 620 and 770 K, the viscous flow
behavior revealed by the stress–strain curve (Fig.
3), and the significant increase in thermal expan-
sion coefficient a of the sample (Fig. 4a and b),
demonstrate that the majority of the alloy is in the
supercooled liquid state, even after the third crys-
tallization stage at around 700 K. In other words,
the remaining supercooled liquid is quite stable
until massive crystallization sets in at about 770
K. The reason for this high thermal stability of the

supercooled liquid in the BMG may be associated
with a quite large compositional difference
between the remaining supercooled liquid and the
crystallization products. Hence, a remarkable long-
range diffusion is needed for the nucleation and
growth of the crystalline phases. This kinetic pro-
cess requires a larger thermal activation, i.e. it
occurs at a higher temperature than for most of
the other BMGs, because of the larger chemical
difference between the supercooled liquid and the
equilibrium phases. An amorphous phase separ-
ation (APS) process then tends to occur to reduce
the free energy of the system [40,41]. This APS
takes place in the casting process due to the rela-
tively slow cooling rate upon copper mold casting
BMG, and leads to the inhomogeneity of the com-
position in the as-cast amorphous state. Fig. 6 dis-
plays an AFM image of the non-contact surface of
a ribbon melt-spun at a low wheel speed (6 m/s).
It can be seen that two continuous areas are
observed with a width of each area of about 75
nm. This structural feature is similar to that in
slowly cooled binary Nd–Fe ingots studied by
SEM and TEM, in which two continuous areas are
composed of pure Nd and Nd–Fe metastable
phases, respectively [42]. The latter structure exhi-
bits a larger scale due to the slower cooling rate
and fewer atoms. Although the structure of the
Nd60Fe20Co10Al10 ribbon produced at 6 m/s does
not completely represent the structure of the BMG,

Fig. 6. Atomic force image of the ribbon melt-spun at 6 m/s.
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it gives evidence that the alloy tends to form differ-
ent nanoscale phases during cooling. Presumably,
the structural feature in Fig. 6 results from a phase
separation process in the melt or undercooled
liquid state [43]. The APS process becomes more
clear when the as-cast BMG is heated afterwards
into the supercooled liquid region. As shown by
the E� curves (Fig. 2b), the single E� peak for the
as-cast BMG is split into two peaks for the samples
annealed at 603 and 708 K, respectively. Both E�
peaks of the annealed samples are revealed to be
reversible processes, as the annealing temperatures
are higher than the two peak temperatures of E�.
These results further suggest that a distinct APS
occurs in the Nd60Fe20Co10Al10 BMG. Direct evi-
dence of the APS is difficult to obtain, as this sys-
tem may comprise a series of amorphous phases
of different composition. The length-scale of the
phase separation is roughly estimated to be tens of
nanometers as indicated by Fig. 6.

5. Summary

Thermal analysis combined with dynamic mech-
anical analysis and dilatation measurements were
used to characterize the thermal stability of
Nd60Fe20Co10Al10 BMG. A glass transition process
from about 460 to 650 K during continuous heating
of the BMG is revealed by dynamic mechanical
analysis, and further confirmed by dilatation
results. The absence of the glass transition in DSC
measurements and the multi-stage crystallization
processes are attributed to the chemical inhom-
ogeneity of the amorphous phase, and ultimately
to the positive heat of mixing between Nd and Fe.
A prominent thermal stability of the supercooled
liquid is observed in this BMG, due to the large
difference of composition between the amorphous
phase and the competing crystalline phases. Fur-
thermore, the tendency of a significant amorphous
phase separation is also revealed for this alloy.
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