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a b s t r a c t

In the present study, amorphous–nanocrystalline phase transformation induced by mechanical milling of
full monolithic bulk metallic glasses (based on Zr65Al7.5Ni10Cu17.5 and Zr58Al16Ni11Cu15 alloys) has been
eceived in revised form 4 March 2010
ccepted 13 March 2010
vailable online 18 March 2010
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investigated using X-ray diffraction as well as transmission electron microscopy. Nanocrystals having an
FCC structure and a grain size of several 10 nm precipitate in the early stages of the milling process and
remain stable for long milling duration. The structure changes induced by milling give a new insight on
the preparation of amorphous-related alloys when using the method of mechanical milling.

© 2010 Elsevier B.V. All rights reserved.
ulk metallic glass
rystallization

. Introduction

Over the last two decades, bulk metallic glasses (BMGs) have
eceived increasing interest due to their unique combination of
ome mechanical and chemical properties [1,2]. Attempts on BMG-
ased composites [3–6], by inducing the reinforcement phases
o the metallic glass matrix via a routes of casting [3,5], anneal-
ng [7], and mechanical milling (MM) [8,9], have been made to
mprove their plastic properties. Formation of a structural mix-
ure of amorphous–nanocrystalline composites by MM [9–12] has
een investigated for subsequent powder consolidation. Under
all milling, a cyclic sequence (crystalline–glassy–crystalline) was
bserved in the CoTi [12] and ZrNi [13] systems while the devit-
ification of glassy ZrAlNiCuPd [14] and ZrAlNi [15] alloys was
eported. These results indicate that metallic glasses can become
nstable against MM. However, the effects induced by MM on
etallic glasses have not been considered sufficiently and clari-

ed. This aspect is very important to decide on the best process
arameters of MM when preparing BMG-related products.

The quaternary ZrAlNiCu BMGs are considered as “classic”
etallic glasses and their glass forming abilities [16,17], crystal-
ization behaviors [18,19], and mechanical properties [1,2] are well
epicted. The formation of nanocrystals in Zr-based BMGs can lead
o improve mechanical properties [9–11] and the fabrication of
hese BMGs and their composites by MM have also received some
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attention [10,11,20,21]. In contrast, little work has concentrated
on the phase stability of metallic glasses during MM. This paper
present the first results of an ongoing study dedicated to the influ-
ence of mechanical milling on ZrAlNiCu BMGs.

2. Experimental procedure

Master ingots with nominal compositions Zr65Al7.5Ni10Cu17.5 and
Zr58Al16Ni11Cu15 (at.%) were prepared by arc melting under argon atmosphere.
The purity of the elements was 99.9 wt% for Zr, 99.999 wt% for Al, and 99.99 wt%
for Cu and Ni. Rods with a diameter of 3 mm were then produced from the master
alloys by copper mould suction casting. These rods were crushed into 3 mm long
blocks and milled at room temperature using the vario-planetary mill Pulverisette
4 of Fritsch. In this machine the shock energy and the shock frequency can be
independently selected and controlled. Here, the absolute rotation speeds of the
disk (˝) and vials (ω) were set, respectively, at 350 and 200 rpm. The powders
were sealed in stainless steel vials of volume 125 ml to avoid significant oxidation
and milled using five stainless steel balls (15 mm in diameter for a 14 g weight).

The structural evolution was identified by X-ray diffraction (XRD) with Cu K�
radiation using a RU300 rotating anode and an INEL CPS120 position sensitive detec-
tor. Microstructure was also investigated by transmission electron microscopy (TEM,
Philips CM20).

3. Results and discussion

Fig. 1(a) shows XRD traces of Zr65Al7.5Ni10Cu17.5 milled alloys
for different milling time. The initial as-cast amorphous rod is also

shown for comparison. Sharp diffraction peaks corresponding to
crystalline phases appear after milling. The analysis reveals that,
from 1 to 4 h of milling, a big cubic phase [13–15] together with
a phase having FCC features form from the metallic glass matrix.
However, only the peaks of the FCC-type phase remains after 12 h

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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the mechanically induced transformations produced changes in the
ig. 1. XRD traces of (a) Zr65Al7.5Ni10Cu17.5 and (b) Zr58Al16Ni11Cu15 after different
illing times.

f milling. Fig. 1(b) displays the XRD results corresponding to the
r58Al16Ni11Cu15 samples. In this case, only the FCC-type phase can
e detected by XRD during the whole milling process ranging from 1

o 12 h. This indicates a high stability of the FCC-type phase against

illing. It should also be noted that the crystalline peaks in Fig. 1
re broadened. This can be attributed to the effects of stress and
ne grains, as will be confirmed by TEM.

Fig. 3. (a) Bright field image and (b) corresponding SAED patte
Fig. 2. XRD traces of the Zr65Al7.5Ni10Cu17.5 powder milled for 12 h and comparison
with typical standard phases.

It is interesting to notice here that this type of FCC phase
has never been reported under thermal crystallization conditions
[18,19]. In general, quasicrystals, FCC Zr2Ni, and tetragonal Zr2Cu
phases are the phases that can precipitate at the first stage of ther-
mal crystallization for ZrAlNiCu metallic glasses. In particular, the
metastable FCC Zr2Ni phase can be triggered more easily in O con-
taining alloys [19]. Correspondingly, the tetragonal Zr2Cu and the
hexagonal Zr6Al2Ni phases are the final stable products on high
temperature annealing in the Zr65Al7.5Ni10Cu17.5 alloy even when
contaminated by oxygen [18]. As an example, Fig. 2 shows the
details of an XRD trace of the Zr65Al7.5Ni10Cu17.5 MM alloy (milled
for 12 h) and the comparison with some of the above phases. It is
clear that, in the case of both MM BMGs investigated here, there
is no phase separation between Zr–Cu and Zr–Ni phases and the
final product after 12 h of milling is an FCC phase different from the
phases produced under annealing. The best match with theoretical
phases was obtained for the Zr3Al phase. The lattice parameter of
our FCC phase is however slightly higher than that of the theoreti-
cal Zr3Al phase (about 3.2% differences). These results indicate that
phase transformation sequence that are different from those occur-
ring under annealing. The formation of FCC phases was reported
under ball milling of amorphous ZrAlNiCuPd [14] and ZrAlNi [15]
powders. In these cases, the alloys were very homogeneous and

rn from a Zr58Al16Ni11Cu15 powder after 12 h of milling.
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ig. 4. DSC traces of the Zr65Al7.5Ni10Cu17.5 alloy in the as-cast condition and after
2 h of milling.

CC phases precipitated – after fairly long milling times – from
precursor big cubic phase via polymorphous reactions [14,15].

omparatively, in our case, the crystallization of the FCC phase was
nduced easily (within less than 1 h) and from the amorphous state
n the case of the Zr58Al16Ni11Cu15 alloy (Fig. 1(b)). To get further
nsights in terms of present phases, the structure of the milled BMG
owders were analyzed by TEM. Fig. 3 shows the bright field image
nd its selected area electron diffraction (SAED) pattern obtained
rom a Zr58Al16Ni11Cu15 powder after 12 h of milling. Nanocrys-
alline particles with the size of several 10 nm have precipitated
n the amorphous matrix. Consistently with the XRD results, the
AED pattern can be indexed as a Zr3Al-type phase having larger
nterplanary distances. The SAED also shows a faint halo diffraction
ndicating the presence of small amount of remaining amorphous.
he presence of small amount of remaining amorphous phase was
onfirmed, for both alloys, by a detailed DSC analysis. This is illus-
rated, for example for the Zr65Al7.5Ni10Cu17.5 alloy, by the DSC
races given in Fig. 4. At about 470 ◦C, the initial BMG displays a
trong crystallization peak after the Tg temperature. Comparatively,
fter significant mechanically driven crystallization, the 12 h milled
owder still presents a small peak at 470 ◦C corresponding to the
hermal crystallization of a small amount of remaining amorphous.

There are still arguments about the real causes for these MM
nfluences. The temperature rise during milling is one possible
ause that could lead to such crystallization. In a previous work
n Zr–Ni alloys [22], the temperature rise of the vial measured
ith a thermocouple was found to be only 30–50 ◦C. In contrast,
modeling approach for milling Zr–Ni alloys has suggested that

he local temperature may research 247 ◦C [23]. In the case of our

r65Al7.5Ni10Cu17.5 metallic glass, it is clearly established that the
tructure can remain in the amorphous state more than 1 h when
nnealed below its glass transition temperature [18]. As Tg (about
70 ◦C) in this alloy is much higher than the calculated 247 ◦C [23],

t is unlikely that the major driving force for crystallization lies in

[
[
[
[
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the temperature change. This assumption is also consistent with
the fact that the crystalline phase introduced by MM is different
from the one reported in thermal crystallization. Saida et al. [24]
and Scudino et al. [25] found that the ball milling process changed
the local structure of the milled metallic glass due to mechanical
effects, which further resulted in a change of phase transformation
route during the annealing. It is clear that, compared to the pres-
ence of a homogeneous MM induced FCC phase [14,15], the powder
milled for 12 h is here an amorphous–nanocrystalline composite.
These different behaviors tend to confirm that the exact milling
parameters are important to control the transformation sequences
and kinetics [22,23].

4. Summary

The structure changes of Zr65Al7.5Ni10Cu17.5 and
Zr58Al16Ni11Cu15 bulk metallic glasses during mechanical milling
were studied. The end products of the milled powders are com-
posites consisting of the FCC nanocrystals within some metallic
glass matrix. This nano FCC-type phase, which is different from
the phases formed under thermal crystallization, was produced
rapidly under milling using different sequences than the previ-
ously reported mechanically induced FCC phases. These findings
remind the scientist to take into account the specific effects
induced by MM when using this technique to prepare amorphous
or amorphous/nanocrystalline samples.
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