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Cerium-based bulk metallic glasses are attractive due to their low glass transition temperature, com-
parable to that of polymers. Their mechanical properties, especially their elastic and viscoelastic ones
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are reported in a large temperature range. Like in other bulk metallic glasses, the shear modulus, close
to 11.5 GPa at room temperature, decreases drastically in the glass temperature range (at about 373 K),
while the viscoelastic component becomes very important. Heating to high temperature induces crys-
tallization. As shown by X-ray diffraction experiments performed in situ, the increase of elastic modulus
due to the formation of crystalline particles is strongly connected to the volume fraction of these parti-
cles. Addition of iron shifts the phenomena towards higher temperatures and affects the crystallization
-ray diffraction

ynamic mechanical analysis process.

. Introduction

Manufacturing of bulk metallic glasses has now become fairly
sual with the fabrication in the past decade of several families
f extremely good glass forming multicomponents alloys, espe-
ially those based on conventional metal transition metals (Zr, Pd,
e, Ti, Cu). More recently, in 2004, rare earth based BMG have
een developed and among them, cerium-based alloys are prob-
bly the most promising ones [1–5]. First, cerium is the most
bundant rare earth metal. But the most attractive feature is its
ery low glass transition temperature. For instance in Ce–Cu–Al
lloys, Tg may be lower than 100 ◦C and therefore they can be
asily processed for instance in boiling water [4,5]. This low
g may be compared to that of common polymers. However, if
olymers are less expensive and more easy to prepare, they are
on-conductive materials and their Young modulus at ambient
emperature are lower than that of cerium-based BMG, typically
ne decade lower.

Cerium-based BMG have been the subject of various inves-
igations [1–5], especially by DSC, in order to determine their
haracteristic temperatures: Tg (glass transition temperature), and
x (onset of crystallization). The influence of the chemical composi-

ion on such temperatures has also been reported. It is well known
6] that minor additions can play a major role, for instance on the
lass forming ability. They favor the formation of atomic dense con-
gurations and liquid with a high viscosity. So, thermodynamically,

∗ Corresponding author. Tel.: +33 4 72 43 83 18; fax: +33 4 72 43 85 28.
E-mail address: jean-marc.pelletier@insa-lyon.fr (J.M. Pelletier).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.05.070
© 2010 Elsevier B.V. All rights reserved.

these minor additions make the liquid energetically closer to the
crystalline state and, cinematically, they make the melt more vis-
cous which leads to slow crystallization kinetics. Such additions
can also purify the melt and consequently to limit the possibility
of heterogeneous crystallization during cooling or during a further
annealing. In cerium-based BMG, Fe is the most common addition
element used [7].

Concerning the mechanical properties of Ce-based BMG,
reported investigations address elastic and plastic behavior [8–10].
An anomalous temperature dependence of the elastic properties
[9] has been observed: although the young modulus (E) and the
shear modulus (G) display softening mode with decreasing temper-
ature, the bulk modulus (B) abnormally decreases with decreasing
temperature below room temperature. This result was attributed
to the specific electronic configuration of cerium. However, many
questions have not been addressed: (i) What is the influence of tem-
perature of the mechanical properties of cerium-based BMG above
the room temperature? (ii) It is well known that in amorphous
materials, in addition to elasticity and plasticity, a viscoelastic
component exists, with a magnitude which may be very large in
the supercooled liquid region [11–21]. What’s about cerium-based
materials? (iii) What is the influence of Fe on the crystallization
behavior?

So, the aim of the present work is to give some answers to these
different questions.
2. Experimental procedure

Amorphous plates, with a thickness of 1 mm, of (Ce0.72–Ce0.28)90−x–Al10–Fex

(x = 0%, 5% or 10%) have been prepared in Shanghai University, China, by rapid
quenching of the melts into a cooled copper mold under argon atmosphere.

dx.doi.org/10.1016/j.jallcom.2010.05.070
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ig. 1. Dependence of the normalized shear modulus of (Ce–Cu)90−x–Al10Fex (x = 0%,
% or 10%) as a function of temperature. Gu is the unrelaxed shear modulus. The
easurement frequency is 0.3 Hz. The heating rate is 3 K/min. (a) Storage modulus

nd (b) loss modulus.

Wide X-ray scattering on the section of the sample, using a Cu-K� radiation was
onducted in a large temperature range, from 100 to 550 K, either during isothermal
reatment or during continuous heating (at 1 K/min).

The final samples for dynamic mechanical (DMA) experiments were cut by elec-
ric discharge from the plates and they had dimensions of approximately 1 mm
hickness, 3 mm width and 30 mm length. Glass transition temperature (Tg) and
nset of the crystallization temperature Tx, have been determined by using a differ-
ntial scanning calorimeter DSC7 (PerkinElmer). The shear dynamic measurements
i.e. DMA) have been carried out using a home-made specific device [22]. Frequency
ange is 10−4 to 1 Hz. In the present study, a sinusoidal shear stress was applied and
he corresponding shear deformation was recorded. Strain amplitude was lower
0−4. In a first step, experiments were performed at a given frequency during con-
inuous heating at 1 K/min, 2 K/min or 3 K/min between 100 and 600 K. Then, in a
econd step, measurements were performed at a fixed temperature, but for differ-
nt frequencies. Measurements started with the lowest temperature and highest
requency. According to the experimental procedure defined by Schröter et al. [18],
fter performing all the experimental measurements, the run with the first tempera-
ure was repeated to check that no crystallization occurred. All the DMA experiments
ave been performed under helium atmosphere.

. Experimental results and discussion

.1. Evolution of the complex dynamic shear modulus during a
ontinuous heating

Fig. 1 shows the temperature dependence of the storage (G′) and
he loss (G′′) dynamic shear modulus, observed during an heating
ith a testing frequency of 0.3 Hz. Gu is the unrelaxed modulus,

.e. in the present experimental conditions, the modulus at 100 K,
ince then G′′ is negligible. Gu increases from 11.5 GPa to 14.0 GPa,
here the iron content increases from 0 to 10%. Curves for the dif-

erent compositions are similar, but the presence of iron induces
shift towards higher temperatures. The variation of G′ with tem-

′
erature occurs in several stages. A rapid decrease of G is observed,
ssociated with a large increase of G′′. A maximum of G′′ appears
t a temperature called T�. This phenomenon, which is observed
n all the amorphous materials, is generally referred to the main
or � relaxation) and is associated to the dynamic glass transi-
Fig. 2. Dependence of the normalized shear modulus of (Ce−Cu)90−x–Al10Fex as a
function of frequency at different temperatures. (a) Storage modulus and (b) loss
modulus.

tion process. Let us mention that T�, which depends on the testing
frequency (see below) is different from the calorimetric glass tran-
sition temperature Tg.

For higher temperatures a plateau of G′ is observed and then a
large increase of G′ appears, which corresponds to the crystalliza-
tion phenomenon of the supercooled liquid. One can note that this
process is abrupt. After this important increase in G′, a continuous
moderate decrease is observed as in any crystalline material. How-
ever, this final decrease may be more or less regular: in the alloy
without iron different steps can be observed, while the presence
of iron atoms seems to induce a more uniform evolution. These
observations suggest that the iron content in the studied Ce-based
metallic glasses influences the crystallization process. X-ray diffrac-
tion experiments have to be carried out to investigate this point in
more details (see Section 3).

3.2. Influence of testing frequency during isothermal
measurements on complex dynamic shear modulus

The � relaxation is a thermo-mechanically activated phe-
nomenon. Indeed its features depend on testing frequency [10–19].
Fig. 2 displays the frequency dependence of the shear modulus of
(Ce–Cu)90–Al10 alloy for different temperatures. Trends were the
same in the bulk metallic glasses containing iron. The position of
the peak in G′′ or onset of the G′ decrease are shifted towards higher
temperature when the frequency is increased from 0.01 to 1 Hz. All
the curves can be superimposed by a horizontal allowing to get a
master curve. Fig. 3 displays the curve associated to the loss mod-
ulus. The shifted data points now extend over approximately six
orders of magnitude. The time–temperature superposition princi-
ple can be applied in the three different tested alloys. Since the
temperature of the main transition (T�) depends on the studied
glass, the temperature has been normalized. It can be shown that

the corresponding shift factor (not given here) obeys to an apparent
Arrhenius behavior. The corresponding value of the apparent acti-
vation energy is EA = 2.3 eV in the three alloys. This fairly high value
may be attributed to the collective motion of a large number of
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Fig. 4. X-ray diffraction spectra (3D representation) during continuous heating at
1 K/min, from 303 to 553 K. Angle range: 20–40◦ . (a) x = 0% Fe, (b) x = 5% Fe, (c) x = 10%
Fe.
Fig. 3. Master curves for the loss modulus.

toms [18,21–23] (see below for a brief discussion). This collective
ovements was described elsewhere described using the physical
odel introduced by Perez et al. [23–25], based on the concept of

uasi-point defects initially developed in amorphous polymers and
xtrapolated to BMG [20].

Compared to results reported in other bulk metallic glasses,
ome common features and some differences appear: both the
odulus variations vs temperature or vs frequency are similar in

ll the investigated alloys (Zr-based, Mg-based, Pd-based BMG),
eading to very similar master curves [10–20]. This analogy indi-
ates that the physical mechanisms at the origin of this evolutions
re probably the same and then the physical model proposed to
escribe the curves obtained in Pd-, Zr- or Mg-based bulk metallic
lasses can probably be also applied in the studied Ce-based materi-
ls [20]. However, the apparent activation energy EA is much lower
n these rare earth based material than for instance in Zr-based
morphous materials (about 5 eV in a Zr-based glass [20]) and also
ower than in Mg-based BMG (3.0 eV for instance in a MgCu–Y alloy
21]). But if we compare the glass transition temperature of these

aterials, a very large difference is also observed, in the same order:
g in Ce-based materials is about 350–390 K, while in Zr-based BMG
s often 650–700 K and Mg-based alloys are intermediate. This tem-
erature is an indicator of the mobility in the amorphous state: the
igher Tg, the lower the mobility. So, it could be concluded that Tg

nd EA are connected, at least indirectly.

.3. Crystallization process

Crystallization can occur either during a continuous heating or
uring an isothermal annealing. Let us first present results corre-
ponding to a continuous heating with an average heating rate of
K/min. X-ray diffraction spectra were recorded each 2 K from 303

o 553 K and from 2� between 20◦ and 40◦. Fig. 4 displays the 3D
pectra for the three different investigated alloys, with various iron
ontents. Several conclusions can be drawn from these spectra:

The three studied alloys evolve from an amorphous state to a
crystalline one and the onset of crystallization is fairly rapid.
At the end of the heating, peaks are identical in the three alloys.
The iron content affects the crystallization route. Fig. 5 displays
the variation as a function of temperature of the 33.7◦ peak area:
in the alloys containing iron, crystallization occurs mainly in a sin-
gle step while in the glass without iron, the process seems more
complex: some peaks are observed only at the end of the process
(for instance close to 22◦ or to 31◦), one is always observed (close

to 34◦), whereas some others move progressively (for instance
near 30◦ and 33◦) (Fig. 4).

Fig. 6 displays the final spectrum recorded in the alloy with-
ut iron. Many peaks are clearly revealed, suggesting the presence

Fig. 5. Diffraction peak area vs time during continuous heating at 1 K/min in
(Ce–Cu)80–Al10–Fe10 BMG (x = 0% and x = 10%) (peak at 33.7◦).
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Fig. 8. Storage modulus, loss factor (tan ı = G′′/G′) and diffraction peak area vs time
Fig. 6. XRD spectrum in (Ce–Cu)90–Al10, after heating at 403 and 553 K.

f various crystalline phases, in varying proportions. These phases
ere identified as mainly Ce3Al (JCPDS 09-0268), Al3Ce (JCPDS

9-0012), AlCe (JCPDS 31-0005) and AlCeCu (JCPDS 21-751). In
ractice, Cu and Fe are probably in solid solution in these phases.

Fig. 6 displays also an intermediate spectrum, obtained after
eating up to 403 K for the same glass. Identification of the peaks is
ot easy, probably due to the existence of intermediate metastable
hases. All Bragg crystalline peaks present in the intermediate
pectrum also appear in the final XRD pattern, but the number
f Bragg crystalline peaks in the final XRD pattern is more than
hat of intermediate spectrum. If the intermediate XRD spectrum
onsists of peaks from the crystalline phase superimposed on the
iffuse maximum of remaining amorphous phase, the crystal-

ization mode of the Fe-free Ce BMG can, therefore, be referred
o the primary crystallization one: amorphous phase � — (pri-

ary crystallization) → amorphous phase �′ + primary crystalline
hases — (secondary crystallization of remaining amorphous phase
′) → primary + secondary stable crystalline phases. However, TEM
bservation needs to be performed to identify the existence of
emaining amorphous phase in the sample heated up to a tem-
erature, e.g. 403 K. Such investigation is now in progress.

.4. Relation between crystallization and dynamic modulus

Fig. 1 illustrated in a clear way that onset of crystallization
nduced a drastic increase of the storage modulus G′. Using the
uantitative data reported in Section 3, it is now possible to connect
he volume fraction of crystalline particles and the elastic mod-
lus, either during a continuous heating or during an isothermal

nnealing. Figs. 7 and 8 display this parallel evolution in the alloy
ontaining 10% of iron, where the crystallization kinetics is rela-
ively simple. The volume fraction was estimated using the area
elow the main diffraction peak. The magnitude is expressed using

ig. 7. Storage modulus and diffraction peak area vs temperature during continuous
eating at 1 K/min in a (Ce–Cu)80–Al10–Fe10 BMG.
during isothermal annealing at 403 K in a (Ce–Cu)80–Al10–Fe10 BMG.

arbitrary units. A good correlation between these two variations
can be observed, suggesting that the increase in elastic modulus is
closely connected to the quantity of crystalline phase.

The size of the crystalline particles size can be roughly estimated
using the Scherer formula. In this framework, the average particle
size ˚ of the diffracting particles is determined using the full width
at half maximum (FWHM) of a diffraction peak occurring at 2�. It
is usually assumed that ˚ = k/(�(2�) cos �), where �(2�) is the cor-
responding FWHM and k a numerical factor, frequently taken as
k = 0.9. This formula has a physical meaning only for isotropic par-
ticles and when the contribution of the experimental device can
be correctly withdrawn or neglected. In the present case, this cor-
rection is negligible (lower than 0.02◦) and it may be assumed that
crystalline particles, occurring in an isotropic medium, are mainly
isotropic. This last assumption is supported by TEM observation
reported in various BMG [10]. As soon as crystalline particles are
detected, the corresponding, FWHM is about 0.5◦, which corre-
sponds to an average size of about 18 nm. Thus it can be concluded
that crystallization progresses mainly by formation of new crys-
talline particles and not by the growth of existing ones. Results are
independent on the used diffraction peak.

Similar results are obtained during an isothermal heating
(Fig. 8), confirming therefore the good correlation between crys-
tallinity and elastic features.

4. Conclusions

Measurements of dynamic shear modulus in large temperature
and frequency ranges have been performed in three Ce-based bulk
metallic glass, with various iron contents (between 0 and 10%).
During a continuous heating a main relaxation is observed, which
corresponds to a dynamic glass transition. The temperature of this
transition is shifted towards higher temperature when the testing
frequency is increased (for a given alloy), or when the iron con-
tent is increased (for a given testing frequency). The high value
of the activation energy of this thermo-mechanically activated
phenomenon (EA = 2.3 eV) indicates that collective movements of
atoms are involved in this relaxation. Annealing at high tempera-
ture, either during a continuous heating or during an isothermal
annealing, induces a crystallization phenomenon. Formation of
nano-crystalline particles induces a large increase of the storage
modulus and a decrease of the loss modulus. X-ray diffraction
experiments revealed that the crystallization process seems to

be simplified when iron is present and that the elastic modulus
increase is strongly connected to the volume fraction of crystalline
particles.
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