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a b s t r a c t

It is well known that nickel-free zirconium-based bulk metallic glasses are of interest for their possible
good biocompatibility properties. In this framework, a Zr–Nb–Cu–Al–Fe bulk metallic glass was elabo-
rated under the form of 2 mm diameter rods. The amorphous structure was confirmed by XRD and DSC
and the associated reduced index were measured. The mechanical properties of the glass were investi-
gated at both room and high temperature. At room temperature, the glass exhibits some macroscopic
eywords:
etallic glasses
echanical properties

rystallization
iocompatibility

plasticity. The rheology at high temperature was studied by both strain rate jump tests and tests at
constant strain rate. From these tests, it was difficult to identify an experimental window in which the
amorphous structure could be maintained and in which viscoplastic forming could be carried out under
low flow stresses. In the super-cooled liquid region, this behaviour is discussed in relation with the resis-
tance to crystallization of the investigated glass and the nature of the formed crystallites was studied by
XRD. The mechanical properties of this glass are also compared to results previously obtained in the case

bulk
of other zirconium-based

. Introduction

Bulk metallic glasses (BMGs) exhibit interesting mechanical
roperties since they combine a high fracture stress, a particu-

arly large elastic domain (up to 2%), significant fracture toughness,
xcellent corrosion resistance and good wear resistance [1–3].
oreover, their formability between the glass transition temper-

ture, Tg, and the crystallization temperature, Tx, is particularly
mportant and it is thus possible, using appropriate forming pro-
esses, to produce complex-shaped components with a very good
urface aspect. Thus, the effect of temperature on deformation has
een increasingly studied in the recent past, particularly in the case
f zirconium-based BMG [4–5]. Consequently BMGs appear has
ood candidate for biomedical applications. However, two major
rawbacks can be pointed out for this kind of application: (i) the
r-based BMGs usually contain some inclusion of the Ni element,
hich result in allergy and is potentially carcinogenic to the human

ody [6–7] (ii) moreover monolithic mechanical behaviour of BMGs

s usually considered as brittle since plastic deformation is highly
ocalized in a shear band and often lead to macroscopic brittleness
i.e. the localized plasticity can not be observed macroscopically).
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The second drawback is presently being solved through the
recent development of many BMGs presenting some macroscopic
plasticity; even though the plastic deformation remains localized
in multiple shear bands [8–11]. Considering the first drawback,
Liu et al. [12] recently developed a new Ni-free Zr-based BMG
and demonstrated its good biocompatibility and ability to undergo
some plastic deformation. The aim of the present investigation is
hence to study the mechanical properties of this glass at room and
more especially at high temperature. One of the objectives being
to know the possibility to identify an experimental window in
which the amorphous structure can be maintained and in which
viscoplastic forming can be carried out under relatively low flow
stresses.

2. Materials and experimental procedure

In order to elaborate this glass, elements with purity better than 99.9% were used
as starting materials. Zr–Nb was first prepared as an intermediate alloy prior to be re-
melted with Cu, Fe and Al in order to obtain the master alloy. The Zr60Nb5Cu20Fe5Al10

bulk metallic glass rods were prepared by casting the melt in a copper mould with a
2 mm diameter cooled with water circulation. The structure of the alloy was studied
by X-Ray diffractometer (XRD) with CuK� radiation. The thermal glass stability was

determined by differential scanning calorimetry with a heating rate of 20 K/min.
(Perkin Elmer Diamond). After each run, a second run was performed in order to
estimate the baseline. From DSC analyses, the characteristic temperatures Tg (glass
transition temperature) and Tx (onset of crystallization) were measured. TEM sam-
ples were prepared using wire saw in order to get few tens of microns foils that were
finally thinned down to observation thickness by ion milling.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sebastien.gravier@simap.grenoble-inp.fr
dx.doi.org/10.1016/j.jallcom.2009.10.186


M. Nascimento et al. / Journal of Alloys and Compounds 495 (2010) 348–351 349

F
a

s
s
a
3
t
d
T
w

3

X
T
F
a
t

F
l
r
t
o
a

Fig. 3. Stress–strain curve of amorphous Zr60Nb5Cu20Fe5Al10 at room temperature.
ig. 1. TEM image and associated SAED pattern of the as cast Zr60Nb5Cu20Fe5Al10

lloy.

The mechanical properties were investigated at room temperature by compres-
ive tests with a strain rate equal to 1 × 10−4 s−1. High temperature deformation was
tudied by compression tests in air. The samples were heated to the testing temper-
tures at a heating rate of 20 K/min and held at the testing temperature for about
60 s to homogenize temperature before starting compression. During testing, the
emperature was stabilized with an accuracy of less than 1 K. A thin superficial oxi-
ized layer appears during testing but to thin to affect the macroscopic behaviour.
he temperature range of interest was between 663 K and 708 K. Compression rods
ere in both cases cylinder of 2 mm diameter and 3 mm height.

. Results and discussion

The amorphous structure of the alloy was first confirmed by
RD analysis performed on cross sections of the elaborated rods.

his structure was further investigated by TEM, as illustrated by
ig. 1 which shows a contrast-less feature in bright field image
nd diffused diffraction rings, in the selected area diffraction pat-
ern. Fig. 2 displays a DSC curve of the as cast alloy at a heating

ig. 2. Differential scanning calorimetric (DSC) curve of Zr60Nb5Cu20Fe5Al10 metal-
ic glass at a heating rate of 0.33 K/s. The Tonset

g , Tinflexion point
g , Toffset

g representing
espectively the onset, the inflexion point and the offset temperatures of the glass
ransition, are pointed out. The Tx Tp1, Tp2 and Tp3 corresponding respectively to the
nset of crystallization, the crystallization peaks temperatures of the first, second
nd third peak, are also quoted.
Sample 1 is tested until failure and sample 2 was stopped just before its failure.

rate of 0.33 K/s. One can see the characteristic step changes aris-
ing from the glass transition followed by a super-cooled liquid
region and then three exothermic peaks associated to three crys-
tallization events. The characteristic temperatures and associated
crystallization energies extracted from the DSC analysis are sum-
marized in Table 1. In a first analysis it seems that the �T value
obtained using the difference between glass transition tempera-
ture Tonset

g and the onset of crystallization temperature Tx is quite
high suggesting a pretty good resistance to crystallization of the
investigated glass. It can be noted that the DSC curve is in good
accordance with the one obtained on the same BMG by Liu et al.
[12] except for the glass transition that is more pronounced in the
present study.

The room temperature mechanical properties of the as cast
sample were studied by compression test and Fig. 3 shows the
resulting stress–strain (�–ε) curves. It is to be noted that the sam-
ple 1 was tested until fracture whereas the test concerning the
sample 2 was stopped just before its fracture. Maximum strengths
between roughly 1600 MPa and 1800 MPa were measured with
elastic strains of about 1.6%. All the tested samples displayed some
macroscopic plasticity, with a plastic strain of about 5%. These val-
ues are in relatively good agreement with the data published very
recently by Liu et al. [12]: in their work, a maximum strength of
about 1800 MPa was also reported associated to a maximum plastic
strain of about 9%.

As expected, some serrations can be detected on the (stress,
strain) curves and those serrations are becoming greater when
the sample approaches from fracture. Observation of the surface
of the tested rod after the test display, as expected, a large num-
ber of shear bands confirming the localized plasticity mechanism.
Fig. 4(a) shows a SEM observation of the fracture surface of sam-
ple 1. Some veins can be detected but not as clearly as it can be
frequently observed in various Zr-based BMGs. As expected, the
macroscopic plasticity is associated to the development of numer-
ous shear bands in the sample, as illustrated by Fig. 4(b) showing
a lateral observation of the sample 2. In particular, a series of
five parallel shear bands can be clearly observed, the distances

between the bands being quite similar, close to 100 �m. These
bands are also oriented at about 45◦ with respect to the compres-
sion axis.
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Table 1
Characteristic temperatures and values from DSC measurement on Zr60Nb5Cu20Fe5Al10 as cast sample at a scanning rate of 20 K/min.

Tonset
g (K) Tinflexion point

g (K) Toffset
g (K) Tx (K) Tp1 (K) Tp2 (K) Tp3 (K) �T (K) = Tx − Tonset

g Crystallization’s
Energy (�H) for
peaks 1 and 2 (J/g)

Crystallization’s
Energy (�H) for
peak 3 (J/g)

826 70 43.7 14.3
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663 693 708 733 739 756

To our knowledge, no information has been published concern-
ng the high temperature deformation of the Zr60Nb5Cu20Fe5Al10

etallic glass. In order to get such information, strain rate jump
ests were performed at temperatures ranging from 673 to 693 K
keeping in mind that Tonset

g = 663 K) and with strain rates rang-
ng from 2.5 × 10−4 s−1 to 2.5 × 10−3 s−1. Fig. 5 shows the resulting
ariations of stress with strain rates when the tests were carried
ut at 673 K and 683 K. One must report that the thermal stability
as to poor at 693 K to be able to carry out the whole test. At low

train rates, relatively constant flow stresses were quickly reached
hereas at higher strain rates, some stress overshoots could be
etected (e.g. at 10−3 s−1 and 673 K).

From these tests, viscosities were calculated and Fig. 6 displays
he variations with the temperature and the applied strain rate of
hese viscosities. The curves show the typical shape of viscosity
n amorphous materials with a viscosity approaching a Newto-
ian regime (i.e. viscosity independent of the strain rate) for the

ower attainable strain rates and a decrease of the viscosity when
train rate increases. It can however be noted that, due to the rela-

ively short experimental window before crystallization, strain rate
ow enough to clearly identify the Newtonian regime could not be
chieved.

ig. 4. SEM observations of the deformed samples.
a) fracture zone.
b) lateral view of the sample 2 deformed without fracture.
Fig. 5. Stress as a function of total annealing time at two different temperatures
for the various indicated strain rates at 673 K and 683 K. Arrows indicating the time
where flow stress increases are also represented.

During the strain rate jump tests, apparent strain hardening can
be detected at the end of the tests. Such hardening is attributed
to partial crystallization which is expected to occur in the alloy.
To confirm this hypothesis, a test at a constant strain rate of
2.5 × 10−3 s−1 was carried out at 693 K. A strong increase of the flow

stress can be observed after a given time as illustrated by Fig. 7:
the flow stress remains roughly constant close to 150 MPa at the
beginning of the test and then a reinforcement factor of about 4 is
obtained after less than 8 min. The hardening occurs after a time

Fig. 6. Viscosity versus Strain rate curves for Zr60Nb5Cu20Fe5Al10 deduced from the
strain rate jump tests at three different temperatures.
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Fig. 7. Stress as a function of total annealing time at 693 K at a constant strain rate
of 2.5 × 10−3 s−1.
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ig. 8. X-Ray diffraction curves for the sample annealed 850 s at 693 K while deform-
ng at a strain rate of 2.5 × 10−3 s−1 and for a sample annealed 10,800 s (3 h) at a
emperature of 693 K.
≈ 410 s. At lower temperatures, similar critical times for crystal-
ization can be detected, as illustrated by Fig. 5: at 673 K, t ≈ 1800 s

hereas t < 1750 s at 683 K. Fig. 8 displays the XRD obtained on the
ample after the test at 693 K and confirm the partial crystallization
d Compounds 495 (2010) 348–351 351

of the sample since some diffuse peaks are appearing. However, it
was not possible to index clearly the crystallized phases. In order
to investigate in more details the crystallization process, a longer
heat treatment of 3 h at 693 K was performed. A DSC scan was then
performed on the treated sample showing that the annealing corre-
sponded to the vanishing of the two first crystallization peaks while
the third crystallization peak observed on the amorphous sample
was not modified. Indeed, a remaining crystallization energy for
the two first crystallization peaks of 2.4 J/g is measured. The result-
ing XRD curve corresponding to this heat treatment of 3 h at 693 K
is also displayed in Fig. 8 and some phases could be identified as
Zr2Cu or Al3Zr.

4. Conclusions

The mechanical properties of a Zr-based BMG candidate for
biomedical applications have been tested. Some macroscopic plas-
ticity, localized in shear bands, is observed at room temperature.
Around the glass transition, as expected, large deformation ability is
measured corresponding to a good forming ability. The major draw-
back to the use of this BMG is its poor resistance to crystallization
leading to an experimental window for injection process relatively
limited. Resistance to crystallization is an important point for the
forming process (and consequently for the use of BMG) which is
often neglected.
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