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Effect of Fe content on the thermal stability and dynamic mechanical
behavior of NdAlNiCu bulk metallic glasses
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Abstract

The dependence of microstructure and thermal stability on Fe content of bulk Nd60Al10Ni10Cu20−xFex (0 ≤ x ≤ 20) metallic glasses
is investigated by means of differential scanning calorimetry (DSC), X-ray diffraction (XRD) and high-resolution transmission electron
micrograph (HRTEM). All samples exhibit typical amorphous feature under the detect limit of XRD, however, HRTEM results show that the
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icrostructure of Nd60Al10Ni10Cu20−xFex alloys changes from a homogeneous amorphous phase to a composite structure consisting o
ispersed in amorphous matrix by increasing Fe content. Dynamic mechanical properties of these alloys with controllable microst
tudied, expressed via storage modulus, the loss modulus and the mechanical damping. The results reveal that the storage m
lloy without Fe added shows a distinct decrease due to the main� relaxation. This decrease weakens and begins at a higher temperatu

ncreasing Fe content. The mechanism of the effect of Fe addition on the microstructure and thermal stability in this system is d
erms of thermodynamics viewpoints.
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. Introduction

Recently, bulk Nd-based amorphous alloys have received
onsiderable interest due to their high coercivity for potential
ermanent magnets[1–5]. Moreover, NdFeAl amorphous al-

oys are rather unique in the different families of bulk metallic
lasses (BMGs), because they do not exhibit any glass tran-
ition temperatureTg prior to crystallization temperatureTx.
epending on the thermal stability, such alloys can be subdi-
ided into two categories by Fe content: one class of alloys is
ron-free or iron-poor systems, for example Nd60Co30Al10,
d60Ni10Cu10Co5Al15 and Nd60Fe5Co10Cu10Al15, etc.[1],
howing a normal thermal stability withTrg near 0.6 and
Tx around 40 K. The other type of alloys is iron-rich sys-

ems, for example, Nd60Fe30Al10, Nd60Fe20Co10Al10, and
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Nd57Fe20Co5Al10B8, etc.[4,5] do not exhibit a distinct glas
transition prior to crystallization starting atTx according to
constant-rate heating DSC measurements, but exhibit a
tremely high value of the ratio between theTx andTl around
0.9. The reason for the difference between different
based systems is still unclear. In this work, the effect o
content on the glass forming ability and thermal stab
of Nd60Al10Ni10Cu20 bulk metallic glass was systemica
studied. Mechanical spectroscopy is a very suitable tech
for study the thermal stability and relaxation process by
termined the dynamic modulus of glassy materials. A lo
work has been reported on this subject on polymers o
ide glasses[6–9], but significantly less on BMGs[10–15].
Mechanical spectroscopy studies on Zr-, Pd-, and La-b
BMGs have given valuable information on the kinetics
structural changes, as well as viscoelasticity and visc
in the surpercooled liquid region[10–15]. In this study, dy
namic mechanical properties of Nd60Al10Ni10Cu20−xFex (0
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≤ x≤ 20) bulk metallic glasses with different microstructure
are also investigated.

2. Experimental

Ingots with a nominal composition of Nd60Al10Ni10-
Cu20−xFex (x = 0, 3, 5, 7, 10, 15 and 20) were prepared by
arc-melting of elements Nd, Al, Ni, Cu and Fe with a purity
of 99.9% in titanium-gettered argon atmosphere. Cylindrical
specimens of 3 mm in diameter and 70 mm in length were
prepared by suction casting into a copper mould. The struc-
ture of samples was characterized by X-ray diffraction (XRD)
in a Philips PW 1050 diffractometer using Cu K� radiation.
Thermal analysis was performed with a Perkin-Elmer DSC-
7 differential scanning calorimeter under argon atmosphere.
A constant heating rate of 0.17 K/s was employed. The dy-
namic mechanical properties 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 measurements were cut from
the middle part of the cylinders and had a size of 1.2 mm×
3.0 mm× 30 mm. The applied static load was 1 N and the
frequency for the dynamic load was 1 Hz. The microstruc-
tural observation of the samples was performed on a JEOL
J ope
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Fig. 2. DSC curves of Nd60Al10Ni10Cu20−xFex (x=0, 5, 7, 10, 15, 20) alloys
at a heating rate of 0.17 K/s. The inset shows the enlarge part of the glass
transition in Nd60Al10Ni10Cu20 alloy.

the short-range ordered structure in the Nd60Al10Ni10Cu20
metallic glass.

The thermal stability of Nd60Al10Ni10Cu20−xFex amor-
phous alloys was evaluated by DSC measurements.Fig. 2
shows DSC traces of the Nd60Al10Ni10Cu20−xFex alloys at
a scanning rate of 0.17 K/s. The inset shows the details of
the glass transition temperature of Nd60Al10Ni10Cu20 amor-
phous alloy. The DSC trace for the alloy without Fe addition
exhibits an endothermic reaction beginning at 433 K caused
by glass transition, followed by three exothermic reactions
caused by crystallization with the onset temperature of 468,
513, and 593 K, respectively. From the DSC trace, the onset
of melting in this alloy is 726 K. Thus the supercooled liquid
region (�Tx = Tx − Tg) is 35 K and the reduced glass tem-
perature (Trg = Tg/Tm) is about 0.60. The glass transition and
three crystallization processes are also observed in the alloys
with Fe = 3, Fe = 5 and Fe = 7 at.%. The distinct glass transi-
tion followed by sharp crystallization peaks in the DSC trace
is similar to the other iron-free or iron-poor Nd-based BMGs.
However, in the Fe = 10 at.% alloy, the endothermic reaction
caused by glass transition is very weak, and the total enthalpy
of the three crystallization reactions also decreases. An addi-
tional exothermic peak near the melting point of the alloy is
observed. For the alloys with Fe = 15 and 20 at.%, the three
crystallization peaks and glass transition process disappear
i ther-
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EM-2010 high-resolution transmission electron microsc
HRTEM) operated at 200 kV.

. Results and discussion

Fig. 1 compares the XRD patterns of as-c
d60Al10Ni10Cu20−xFex (0 ≤ x ≤ 20) samples wit
ifferent Fe content. All as-cast alloys exhibit an X
pectrum typical for amorphous phase without obv
rystalline peak. However, for the Fe-rich alloys (Fe≥ 10)
how a more obvious broad peak at the 2θ value of abou
6◦. This suggests that the substitute of Cu by Fe cha

ig. 1. XRD patterns for the as-cast Nd60Al10Ni10Cu20−xFex (x =0, 5, 7,
0, 15 and 20) alloys.
n the DSC plots. Instead, a very broad and weak exo
ic peak from 630 to 750 K followed by a sharp exother
eak closed to the melting point is observed. This DSC

ure is similar to that of the Nd (Pr)-based BMG with h
e content (e.g. Nd60Al10Fe30, and Nd60Al10Fe20Co10, etc.),
hich possesses a highly relaxed amorphous structure
omposite structure, consisting of amorphous and cluste
anocrystals)[16,17].

With the aim of clarifying the relation of the m
rostructure with Fe content in the present case, the
esolution transmission electron micrograph (HRTEM)
ges and nanobeam electron diffraction patterns o
d60Al10Ni10Cu20−xFex (x = 0, 20) alloys are shown
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Fig. 3. HRTEM of Nd60Al10Ni10Cu20 alloy (a) and Nd60Al10Ni10Fe20 alloy
(b).

Fig. 3. The Fe-free Nd60Al10Ni10Cu20 alloy exhibits a uni-
form amorphous microstructure as shownFig. 3(a). The elec-
tron diffraction pattern is only comprised of a set of halo
rings. In contrast, although no typical crystalline phase is
recognized in the high Fe content alloy, there is a composite
structure, i.e. nanocrystals or clusters with the size of about
5 nm randomly dispersed in the amorphous matrix (shown in
Fig. 3(b)). The selected area electron diffraction pattern in
the inset ofFig. 3(b) demonstrates this feature. Furthermore,
the volume fraction of clusters and nanocrystals can be es-
timated about 30–40% by using image analysis technique.
This microstructure feature agrees with the results of other
Nd-based BMGs with high Fe content[18].

HRTEM results reveal that the microstructure of
Nd60Al10Ni10Cu20−xFex can change gradually from a ho-
mogeneous amorphous phase to a composite structure, con-
sisting of dispersed clusters or nanocrystals in the amorphous
matrix by increasing Fe content. It is interesting to study how
this structural change affects the dynamic mechanical prop-
erties of Nd60Al10Ni10Cu20−xFex alloys during continuous
heating. During dynamic testing, a sinusoidal stress is applied
to the material, and the resulting stress developed in the ma-
terial is measured and complex modulus can be determined.
The complex modulus is a measure of the materials resis-
tance to deformation. It encompasses both in-phase and out-
o lates
t -
t lus,

Fig. 4. DSC thermograms and temperature dependences ofE′,E′ ′ and tanδ,
for Nd60Al10Ni10Cu20−xFex (x= 0, 10 and 20) amorphous alloy at a heating
rate of 0.17 K/s: (a) DSC thermograms; (b) temperature dependence ofE′;
(c) temperature dependence ofE′ ′; (d) temperature dependence of tanδ.

E′, is a measure of the elastic energy stored and the viscous
modulus, or loss modulus,E′′, is a measure of the energy
lost. The loss angle, tanδ =E′′/E′, corresponds to the internal
friction. The temperature dependence of the storage modulus
(E′), loss modulus (E′′) and the loss angle (tanδ) in all the
Nd60Al10Ni10Cu20−xFex alloys are studied. The results of
the alloys withx= 0, 10 and 20 are shown inFig. 4. DSC re-
sults are also shown for comparison. For the alloy without Fe
addition,E′ decreases slightly from 22.8 to 22.0 GPa while
E′′ and tanδ increase gradually from room temperature to
432 K. Subsequently,E′ decreases rapidly from 21.9 GPa at
435 K to 7.9 GPa at 487 K, which indicates the high tempera-
ture relaxation. It exhibits a strong softening at about 470 K.
The relaxation peaks ofE′′ and tanδ are consistent to the
peak ofE′ in this temperature range. From DSC trace it can
see that the glass transition and crystallization reaction take
place in this temperature range. The temperature for the glass
transition and crystallization by DSC trace is in good agree-
ment with DMTA curves. On further increasing temperature,
E′ enhances slightly in two temperature ranges, 486–535 and
582–617 K, due to the crystallization processes. For the Fe-
rich alloys,E′ of the alloys are increased to 26.5 and 28.9 GPa
for x = 10 and 20 alloy in room temperature, respectively.
The softening of thex = 10 alloy takes place at 472 K, but in
f-phase responses of the sample, from which on calcu
he storage modulus,E′, and the loss modulus,E′′, respec
ively,E∗ =E′ + iE′′. The elastic modulus, or storage modu
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a quite weak behavior. The correspondingE′′ and tanδ ex-
hibit a broad and weak loss peak from 472 to 615 K. This
temperature range covers the glass transition and three
crystallization processes exhibited in the DSC curve. This
indicates that the glass transition and three crystallization
processes contribute to the energy lost in this temperature
range. The dynamic mechanical behavior ofx = 20 alloy is
quite similar to that ofx = 10 alloy. The softening of this
alloy is also very weak, but starts at a higher temperature,
490 K. A broad loss peak from 490 to 615 K is observed in
E′′ and tanδ curve. This suggests that there are also a series
of glass transition and crystallization process occurred in this
temperature range in the high Fe content alloy.

Normally, glass transition temperature has a weak depen-
dence on composition in the same alloy system[19]. The
present fully glassy Nd60Al10Ni10Cu20 alloy exhibits a re-
markable� relaxation, characteristic of amorphous materi-
als. In higher Fe content alloys, although the size and volume
fraction of clusters and nanocrystals increase with increas-
ing Fe content, there is still a large fraction of amorphous
phase existed in the alloy (e.g. >60% in thex = 20 alloy,
Fig. 3(b)). However, a quite weak softening caused by� re-
laxation is observed in the alloy with Fe content lager than
10% (Fig. 4). This may be caused by the increase of viscosity
due to the dispersed clusters and nanocrystals in the higher
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cooling. The major components in the BMG forming sys-
tems normally show a large negative mixing heat[23–25].
The positive mixing heat of Nd and Fe in the present system
may lead to a complicated amorphous phase separation. In
other words, by increasing Fe content in the present system,
amorphous phases with different chemical composition form
during cooling in the high Fe content alloys, in addition to the
decrease of total amorphous fraction. The amorphous phase
separation was also indicated by others in the high Fe content
Nd-based BMG through low temperature magnetic measure-
ments[26]. The glass transition and crystallization processes
take place gradually, but has little thermal effect, as each
amorphous phase has a quite small volume fraction. However,
dynamic mechanical properties are sensitive to these weak
processes in the high Fe content Nd60Al10Ni10Cu20−xFex

system.

4. Conclusions

In conclusion, bulk amorphous alloys with good glass-
forming ability for NdAlNiCuFe systems have been pre-
pared by copper mould casting. X-ray diffraction patterns and
HRTEM images show a homogeneous amorphous phase in
the Fe-free alloy, while, nanocrystals or clusters dispersed in
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e content alloys. In the glassy state at the low frequenc
ernal friction is given by the formula, tanδ =G/2�fη, where

is the shear modulus,f the measuring frequency, andη the
iscosity[20]. Dispersed nanocrystals or clusters of rich-
lloys greatly enhance the viscosity of glassy state alloys

hereby reduce the energy lost. The increase of viscos
he undercooled state also causes the atom diffusion and
ange are more difficult during the process of glass trans
nd crystallization, and increaseTg andTx revealed byE′′
nd tanδ broad peaks.

The substitute of Cu by Fe in the present alloy system
uced the volume fraction of amorphous phase, and o
ther hand, it also changes the crystallization process
d60Al10Ni10Cu20 alloy. The glass transition and first thr
rystallization processes become weaker and weaker
ncreasing Fe content, and an additional crystallization is
erved near the melting temperature in thex > 10 alloys. In
MTA results, the separatedE′′ and tanδ loss peaks cause
y glass transition and crystallization processes in the
oor alloys gradually change into one broad loss peak i
igh Fe alloys. There is no reflection phenomenon in D

races forx = 15 and 20 alloys corresponding to this te
erature range, in which loss peaks are observed inE′′ and

anδ curves. This indicates the chemical composition of
morphous phase changed with increasing Fe content.
er to clarify this effect, one has to consider the feat
f the Nd–Fe and Nd–Cu binary phase diagram[21]. The
ixing heat calculated by using the Miedema model[22] is
1 kJ/mol for Nd–Fe and−56 kJ/mol for Nd–Cu alloys, re
pectively. This means that Nd and Fe atoms are posi
ixed, and tend to repulse each other during copper m
-

he amorphous matrix in the high Fe content alloys. The r
emperature elastic modulus of the alloys increases grad
ith increasing Fe content. During constant heating, Fe-
lloy exhibits a strong softening due to glass transition,

hree loss energy peaks caused by crystallization proces
ynamic mechanical measurements. While, only one b
nd weak loss peak caused by glass transition and cryst

ion is observed in the high Fe content alloys. The effect o
ontent on the thermal stability of the present NdAlNiC
ystem is thought due to the positive heat of mixing betw
d and Fe elements.

cknowledgements

The authors are grateful for the financial suppor
he National Science Foundation of China (50101012
0031010).

eferences

[1] Y. He, C.E. Price, S.J. Poon, G.J. Shiflet, Phil. Mag. Lett. 70 (1
213.

[2] A. Inoue, T. Zhang, A. Takeuchi, W. Zhang, Mater. Trans. JIM
(1996) 636.

[3] A. Inoue, A. Takeuchi, T. Zhang, Metall. Mater. Trans. 29A (19
1779.

[4] B.C. Wei, Y. Zhang, Y.X. Zhuang, D.Q. Zhao, M.X. Pan, W
Wang, W.R. Hu, J. Appl. Phys. 89 (2001) 3529.

[5] R.J. Ortega-Hertogs, A. Inoue, K.V. Rao, Scripta Mater. 44 (2
1333–1336.

[6] J. Debast, P. Gilard, Phys. Chem. Glasses 4 (1963) 117.



W.H. Li et al. / Materials Science and Engineering A 385 (2004) 397–401 401

[7] J.J. Mills, J. Non-Cryst. Solids 14 (1974) 255.
[8] R.D. Corsaro, Phys. Chem. Glasses 17 (1976) 128.
[9] J. Perez, Polymer 29 (1988) 483.

[10] M.L. Lee, Y. Li, Y.P. Feng, W.C. Canter, Phys. Rev. B 67 (2003)
132201.

[11] T.A. Waniuk, R. Busch, A. Masuhr, W.L. Johnson, Acta Mater. 46
(1998) 5229.

[12] O.P. Bobrov, V.A. Khonik, S.N. Laptev, M.Y. Yazvitsky, Scripta
Mater. 49 (2003) 255.

[13] Y. Hiki, T. Yagi, T. Aida, S. Takeuchi, J. Alloy Compd. 355 (2003)
42.

[14] K. Schr̈oter, G. Wilde, R. Willnecker, M. Weiss, K. Samwer, E.
Donth, Eur. Phys. B B5 (1998) 1.

[15] J.M. Pelletier, B. Van de Moortèle, I.R. Lu, Mater. Sci. Eng. A 336
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